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Abstract

Methylmercury (MeHg) is an environmental toxin to which we are exposed through the
consumption of seafood. Reactive oxygen species (ROS) have been implicated in the
mechanism of toxicity, and in vitro studies in our laboratory have implicated DNA
oxidation, particularly the DNA repair enzyme oxoguanine glycosylase 1 (OGG1). My
studies determined the effects of in utero exposure to MeHg on fetal brain DNA
oxidation and postnatal neurodevelopmental deficits, and the role of ROS-mediated
oxidative DNA damage using the free radical spin trap, a-phenyl-N-tert-butylnitrone
(PBN), and DNA repair-deficient oggl knockout mice. While neither MeHg nor PBN
altered DNA oxidation in fetal brain, MeHg caused cognitive deficits in passive
avoidance and novel object recognition, the latter of which was blocked by PBN
pretreatment, suggesting ROS involvement. Preliminary longevity studies following one
litter from each treatment group to 16 months suggest that in utero MeHg treatment may
shorten lifespan. Endogenous DNA oxidation was increased in the brains of oggl
knockout fetuses compared to wild-type littermates, although this was not enhanced by
MeHg. However, OGG1-deficient animals exhibited cognitive deficits in passive

avoidance after MeHg treatment, suggesting a role for DNA damage. Furthermore, oggl
i



knockout female mice exhibited a passive avoidance deficit compared to wild-type
females regardless of treatment, corroborating a role for oxidative DNA damage in
neurodevelopmental deficits. MeHg increased apoptosis in the hippocampal region of
fetal brain, and may cause DNA double-strand breaks (DSBs), evidenced by enhanced
phosphorylation of histone 2AX (yH2AX). Oggl knockout progeny exhibited increased
cellular proliferation or migration in the developing hippocampal region, which was
blocked by MeHg. My results provide the first evidence that: (1) MeHg may decrease
lifespan; (2) PBN protects against some postnatal neurodevelopmental deficits caused
by in utero exposure to MeHg; and (3) DNA repair-deficient progeny are more
susceptible to postnatal cognitive deficits caused by in utero MeHg exposure,
suggesting that ROS-mediated DNA oxidation plays a role in MeHg-initiated

neurodevelopmental deficits.



Acknowledgments

I'd like to thank Dr. Wells for giving me the opportunity over the past few years to grow
as a scientist; with his continued support, | have learned invaluable lessons in critical
thinking, effectively speaking about my work, and having the patience to tease out

frustrating data. Additionally, | would like to thank CIHR and NIEHS for funding my work.

Thank you to Dr. Wiley and Dr. McPherson for their advice and support as members of
my advisory committee. I'm also grateful to Dr. McPherson, as my co-supervisor, for all
of his generosity, both financially and with his expertise and equipment. I'd also like to
thank Dr. Laurie Chan for acting as my external examiner, and Dr. Hampson and Dr.

Sun for serving on my defence committee.

To all of my fellow lab members, past and present: Julia Abramov, Crystal Lee,
Margaret Loniewska, Gord McCallum, Lutfiya Miller, Stephanie Ondovcik, Tom Preston,
Annmarie Ramkissoon, Aaron Shapiro, Michelle Siu, and Nicole Sweeting, thanks for
celebrating the good times and commiserating over the bad times! Michelle, thanks for
keeping me sane during the seemingly endless DNA extractions and HPLC runs; and
Nicole, thanks for getting me hooked on crocheting and knitting! (Puns!) Thanks also to
the Phit Phriday club for reminding me that pipetting and wiping down testing chambers

with 70% ethanol for eight straight hours doesn’t actually constitute exercise.

I’'m grateful to Dr. Henderson and his lab for all of their advice and technical help with
the von Frey filaments and paraffin processing. I'd also like to thank Laura Tamblyn and
Meghan Larin for their assistance and advice with my immunohistochemical studies and

imaging.



| am forever indebted to my parents, Chuen and Yuvonne Lam, and my sister, Danica
Lam, for keeping me well fed and watered, and for always acting as sounding boards for

both my griping and my ideas.

Last, but certainly not least, | thank my husband, Peter Schwarz-Lam. | don’t know how
| would have managed without your constant love and support. Thanks for always
patiently knowing whether | needed you to listen to me talk about work, when | needed
you to talk to me about work, and when | needed to just stop thinking about work. | am
constantly impressed by your scientific acumen, your enthusiasm, and your dedication —

you’ve always been the grad student | wanted to be.



Table of Contents

LISt OF TADIES ... bbbttt e e bbbt X
IS 0 T U =TSSR Xi
LiSt Of ADDIEVIALIONS ......ouiiiiiiiiieicee bbbt Xiv
TS 0 AN o] o 1=] o [ o1 USSR XX
SECHION 12 INEFOTUCTION ...ttt b e 1
1.1 Rationale and Research ODJECLIVES...........coveiiiiiiiieii e 2
1.1.1 Statement of the Problem ... 2

1.1.2 Purpose of the study and ODJECHIVE ........cccccveiieiiie e 2

1.1.3 Statement of research hypothesis and rationale for hypothesis ............c.cccocvnnnnne 3

1.2 REACHIVE OXYJEN SPECIES ....eeveerveiiieiteeieette it e ste et esteeste e s teeste et esreesteetessaesteesbesnaesteeneenee e 7
1.2.1.S0UICES OF ROS ...t bbb 7

1.2.2 ROS-INAUCEA tOXICITY.....eeivreriiiiieiieeie st esie ettt e st ste et e e esre e sneesreenee s 9

1.2.3 The role of ROS in cell SIgNaling .........ccooviiiiiiiiiiei e 11

1.2.4 Detoxification 0f ROS ..o 13

1.3 Oxoguanine Glycosylase 1 (OGGL) .....coeruiiiririiiiiieieieieesie e 24
1.3.1 Structure and LOCAIZATION .........ccvoiiiiiiieiiecee e 25

1.3.2 LESIONS FEPAITEU ...ttt bbbttt 26

IR TR B T q ] =13 [ SO SRS 31

1.3.4 REQUIALION ...ttt b e 31

1.3.5 MO0E OF ACION ... 34

1.3.6 Models 0f OGGL efiCIBNCY ......ccueiiiiiiiiiiieiieicie e 35

1.3.7 The role 0f OGGL iN ISBASE ........coveiviriiriiiiiiiieiee e 37

1.3.8 Other related enzymes and repair PAtWaYSs .........ccccoveriiininininieee e 40

1.4 MEENYIMEICUIY ...ttt e s e e be e s b e e e et e e e baesaaeebeeaneas 49

Vi



1.4 1 HUMAN TOXICITY 1eeeutiitieiiieie ettt sttt et 51

142 TrEAIMENT ...t 63
1.4.3 PRArmMaCOKINETICS .......ccueiuiiiieiieiieie ittt 64
1.4.4 Possible Mechanisms Of TOXICITY ......cvcvveiieiiiieiic e 68
1.5 THE HIPPOCAMPUS ...veeuieititeite sttt sb bbbt nn bbb b i 77
1.5.1 Structure and DeVEIOPMENT...........ccceiieeiece e 77
1.5.2 Glutamate and Glutamatergic NEUIONS..........ccocveieriireieie e 80
1.5.3 Learning and MEMOIY ........cccuciieiieiie ettt ettt e e nas 85
1.5.4 Related Brain REJIONS ........ccuiiiiiiiieiie ittt 88
SECHION 22 MEBLNOUS........eieeee bbbttt 90
2.1 CRBIMICAIS. ...ttt bbbttt r bbb 91
2.2 IVHICR . b et bttt 91
2.3 Genotyping OF OOL MICE......iiiiiieieie ittt sbe s 92
2.4 DINA OXIUALION ..ottt 93
2.5 ODJECt reCOGNITION TEST ......iiiiiiiiiieieee et 96
2.6 PaSSIVE AVOIAANCE TEST.......c.iiveieiiiteieeieie ettt 98
2.7 VON FIEY TES.... ittt ettt r e b e 100
2.8 IMMUNONISTOCNEMISIIY ....cuviiicciece et re e 100
2.9 SUNVIVAL ... bbb 102
2. L0SHALISTICS ..ttt e 102
SECLION 32 RESUIS ...ttt sb et 104
3.1 Reduction in methylmercury-initiated neurodevelopmental deficits by maternal PBN
pretreatment in CD-1 mice may not involve oxidatively damaged DNA ...................... 105
3.1.1 MeHg does not increase 8-oxodGuo levels in GD 17 fetal brain.............c...c........ 105

3.1.2 MeHg causes cognitive deficits in the object recognition test that are prevented
DY PBN PretreatMment.........cooveiii ittt 105

vii



3.1.3 MeHg causes cognitive deficits in the passive avoidance test that are unaffected

DY PBN PretreatmMent.........coviiveiiie ettt 107
3.1.4 MeHg does not cause deficits in tactile SENSILIVILY ...........cooveieiiiencireee 110
3.1.5 MeHg shortens lifespan, an effect that is blocked by PBN pretreatment.............. 110

3.2 Mice deficient in OGG1 are more susceptible to cognitive deficits after in utero MeHg

L2010 (PPN 114
3.2.1 Ogg1l genotype affects DNA oxidation levels, but MeHg does not ..................... 114
3.2.2 Neither oggl genotype nor MeHg treatment affect novel object recognition ....... 114
3.2.3 Passive avoidance performance is affected in MeHg-treated oggl deficient

ANIMAIS L.t 117
3.2.4 Neither oggl genotype nor MeHg treatment result in somatosensory changes..... 122

3.2.5 MeHg treatment, but not oggl genotype results in increased apoptosis in the
fetal developing hippocampal region..........cccooeieiiniiiiiceee e 122

3.2.6 MeHg treatment, but not oggl genotype, may result in increased DNA double-
strand breaks in the fetal developing hippocampal region...........cccccocevenvnnnneen 125

3.2.7 Ogg1l -/- mice exhibit higher numbers of newly replicated cells in the fetal

developing hippocampal region, but this is reduced by MeHq .........c.cceeveneee. 127

SECEION 42 DISCUSSION ...ttt bbbttt bbbttt sttt b et abe s 129
4.1 MEHQ AN PBIN ...ttt bbbt 131
4.1.1 MeHg, PBN, and CognitioN...........cccoveiiiiiiiecie e 131
4.1.2 MeHg, PBN, and DNA OXIAAtION ......cc.oovereeieiieieeiesieseeie e eee e neas 135
4.1.3 MeHg, PBN, and LifeSPan........c.ccceiieiiiiiie e 137

4. 1.4 CONCIUSTONS ...ttt bbbttt sb bt 140

4.2 MEHG NG OGGL ...ttt bttt b ettt neeabeenne s 141
4.2.1 MeHg, OGG1, and DNA OXIQAtION ......cccverveieiieireieseeseeie e sie e se e neas 141
4.2.2 MeHg, OGGL, and CognitioN ........ccueveeiieeiieiie e sae e 142
4.2.3 MeHg, OGG1, and the Developing Hippocampal Area..........ccccovererenenennnnnnn. 145
4.2.4 CONCIUSTONS .....coviiiiiitiiiiee et ne e sn e 149

4.3 MeHQ, PBN, @Nd OGGL .......ccciiieiiiieiieeie et te et te e sneeaesneenneenees 150



A.3.1 CONCIUSIONS ... ssneen s s s e ssensnennnnnnnnnnnnnnnn 154

4.4 FULUIE DIFECHIONS. ......eeuieiiitiiteeeie sttt e 155
SECLION 5 RETEIENCES ...ttt nb e 160
List of Publications and ADSIFACES ...........coeiiiriiieiiece s 195
AADPEINTICES ...ttt bbbt b b et bbb bRttt n bbb ere s 198

AppendixX 1: Supplemental FIQUIES.........ccviiicieiieceee e 199

Appendix 2: Optimization of Behavioural Tests for 0ggl MiCe.........ccccovvviiniiinininsnnnne 204



List of Tables

Section 1: Introduction

Table 1.1 A comparison of the potentially ROS-independent effects of PBN in

different in vivo and in Vitro models ... 21

Table 1.2  Levels of Hg and w3 fatty acids in commonly consumer fish in the United
S AL e 50

Table 1.3  Mechanisms of MeHg transport in various organs and cells ................ 66

Section 2: Methods

Table 2.1  Litter characteristics and offspring death ..., 93



List of Figures

Section 1: Introduction

Figure 1.1
Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14

Measuring the effect of MeHg and PBN on neurodevelopment
Measuring the effect of MeHg and OGG1 on neurodevelopment

Generation of superoxide from the electron transport chain in mitochondria

................................................................................................. 8
Formation, detoxification, and toxic effects of ROS ...................ooeee. 10
Regulation of protein activity by reversible oxidation of cysteine residues

DY RO S o 12
Structure and free radical trapping mechanism of PBN ...................... 18
Formation of 8-oxodG and fapyG ..o 27
OGG1 activity in adult and fetal mouse organs ..............cccoevveieininnnn, 32
Short-patch BER of 8-0x0dG by OGGL ......cccciviiiiiiiiiiiiiiieeeee 36

Ratios of cord blood Hg to maternal blood Hg from multiple clinical studies

................................................................................................ 53
Ratios of Hg:DHA in commonly consumer fish in the United States ...59
Disruption of glutamate homeostasis by MeHg ..o, 69

Formation of ROS induced by Ca?* influx from NMDA receptor activation

Xi



Figure 1.15

Figure 1.16

Figure 1.17

Anatomy of the rodent hippocampal formation and parahippocampal

170 0] o PP 79
Metabolism of glutamate to glutamine, GABA, and a-ketoglutarate ......81

Glutamate synthesis by aspartate aminotransferase and branched chain

aAMINO ACId trANSIEIASE .ot 82

Section 2: Methods

Figure 2.1

Figure 2.2

Object recognition apParatusS  .........coeeeieiiieeie i eieeieeeeeaeeneenens 97

Passive avoidance apparatuS  ........coeieiriieiiioiiiei e 99

Section 3: Results

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

No increase in DNA oxidation in GD 17 fetal brains after in utero exposure

to MeHg treatment, with or without PBN pretreatment ..................... 106

Cognitive deficits in postnatal novel object recognition after in utero

exposure to MeHg, and protection by pretreatment with PBN ............ 108

Cognitive deficits in postnatal passive avoidance after in utero exposure to

MeHg, and no protection by pretreatment with PBN ........................ 109
No decrease in tactile sensitivity after in utero exposure to MeHg ...... 111

PBN pretreatment blocks the decrease in lifespan caused by in utero

eXPoSUre 10 MeHQg ..o 113

Oggl -/- fetuses have higher endogenous brain levels of 8-oxodGuo, but
there is no increase after in utero MeHg exposure ..........c.cooeievnnnnn. 115

Xii



Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Neither oggl genotype nor in utero MeHg treatment result in cognitive

deficits in novel object recognition .............ccooiiiiiiii 116

Oggl +/- animals treated with MeHg in utero have cognitive deficits in

PASSIVE QVOIdANCE ..ot 118

OGG1-deficient animals treated with MeHg in utero have cognitive deficits

IN PASSIVE @VOIdANCE ..o e 120

Female oggl -/- mice have cognitive deficits in passive avoidance

compared to female oggl wild-type mice ..........cooviiiiiiiiiiiiiiii, 121

Neither in utero MeHg treatment nor oggl genotype affect tactile

SENSIIVITY Lot 123

In utero MeHg exposure, but not oggl genotype, causes increased

apoptosis in the developing hippocampal region .............c.coovieveinnnnn. 124

In utero MeHg exposure may cause increased DNA DSBs in the

developing hippocampal region ...........ccoiiiiiiiiii i 126

Oggl -/- fetuses have increased cellular proliferation or migration to the
developing hippocampal region, an effect which is blocked by in utero

MEHQG EXPOSUIE ettt e et 128

Xiii



List of Abbreviations

+/+ Wild-type

+/- Heterozygous

-/- Homozygous knockout

8-oxodG 8-0x0-2’-deoxyguanine

8-oxodGuo 8-0x0-2’-deoxyguanosine

Mg/l microgram/L

AD Alzheimer’s Disease

AIF Apoptosis-inducing factor

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ANOVA Analysis of variance

ASK1 Apoptosis signal-regulating kinase 1

ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasis and Rad3-related protein
BBB Blood-brain barrier

BER Base excision repair

BRCAl Breast cancer type 1 susceptibility protein
BRCA2 Breast cancer type 2 susceptibility protein
BrdU Bromodeoxyuridine

CAl Cornu Ammonis 1

Xiv



CA3
CSA
CSB
CYP
dGuo
DHA
Dvl
DMPS
DMSA
DSB
EPA
ERCC1
EXO1
fapyG
FEN1
Fpg
GABA
GAD
GD

GGR

Cornu Ammonis 3

Cockayne Syndrome A

Cockayne Syndrome B

Cytochrome P450

2’-deoxyguanosine

Docosahexaenoic acid

Dishevelled

Dimercaptopropanesulfonate
Dimercaptosuccinic acid

Double-strand break

Environmental Protection Agency

Excision repair cross-complementing protein 1
Exonuclease 1
2,6-diamino-4-hydroxy-5-formamidopyrimidine
Flap endonucleasel

Formamidopyrimidine DNA glycosylase
y-aminobutyric acid

Glutamate decarboxylase

Gestational day

Global genome repair

XV



GLAST Glutamate/aspartate transporter

GLT1 Glutamate transporter-1

GSH Glutathione

GSH-Px Glutathione peroxidase

GST Glutathione S-transferase

H>0> Hydrogen peroxide

Hg Mercury

HO’ Hydroxyl radical

HD Huntington’s Disease

HR Homologous recombination

I.p. Intraperitoneally

IHg Inorganic mercury

LAT1 L-type large neutral amino acid transporter 1
LCPUFA Long-chain polyunsaturated fatty acids
LPO Lipoxygenase

LTP Long-term potentiation

MCI Mild cognitive impairment

MeHg Methylmercury

mg/kg milligram/kilogram

MLH1 MutL homolog 1

XVi



MMR

Mrell

MRM

MRP2

MS

MSH?2

MSH6

MT

MTH1

MYH

NAC

Nbs1

NEIL1

NER

NHEJ

NMDA

nNOS

NO

NOS

Nrf2

Mismatch repair

Meiotic recombination 11 homolog 1
Multiple reaction monitoring
Multidrug-resistance protein 2

Mass spectrometry

MutS protein homolog 2

MutS protein homolog 6
Metallothionein

MutT homolog 1

MutY homolog

N-acetylcysteine

Nijmegen breakage syndrome protein 1
Endonuclease VIlI-like 1

Nucleotide excision repair
Nonhomologous end joining
N-methyl-D-aspartate

Neuronal nitric oxide synthase

Nitric oxide

Nitric oxide synthase

Nuclear factor-erythroid 2-related factor-2

XVii



NRX

0,"

OAT1

OCT1

0GG1

PCNA

PD

PBN

PBS

PHS

PMS1

ppm

RFC

RfD

ROS

RPA

SCID

SOD

TCR

Nucleoredoxin

Superoxide

Organic anion transporter-1

Octamer binding transcription factor 1
Oxoguanine glycosylase 1
Proliferating cell nuclear antigen
Parkinson’s Disease
a-phenyl-N-tert-butylnitrone
Phosphate-buffered saline
Prostaglandin H synthase
Postmeiotic segregation increased 1 protein
Parts per million

Replication Factor C

Reference Dose

Reactive oxygen species

Replication protein A

Severe combined immunodefiency
Superoxide dismutase

Specificity protein 1

Transcription coupled repair

XVviii



TFIIH

TRX

TUNEL

XLF

XPA

XPF

XPG

XRCC1

XRCC4

Transcription factor Il human

Total mercury

Thioredoxin

Terminal deoxynucleotidyl transferase dUTP nick end labeling
XRCCA4-like factor

Xeroderma pigmentosum group A protein

Xeroderma pigmentosum group F protein

Xeroderma pigmentosum group G protein

X-ray repair cross-complementing protein 1

X-ray repair cross-complementing protein 4

XiX



List of Appendices

1. Supplemental Figures

2. Optimization of Behavioural Tests for oggl MiCe  .......cciiiiiiiiiiiiiiiieeeae

XX



Section 1: Introduction




1.1 Rationale and Research Objectives

1.1.1  Statement of the problem

Methylmercury (MeHg) is a widespread environmental contaminant to which we are
primarily exposed by seafood in our diets. Cases of widespread and severe MeHg
poisoning in Iraq and Japan have shown us that children and developing infants are
more susceptible to its toxic effects, resulting in neurodevelopmental deficits, and
decreased cerebral and cerebellar size, as well as a decrease in neuron number. While
reactive oxygen species (ROS) have been implicated in the mechanism of toxicity, there
is little direct evidence. The likely role of ROS, however, suggests that specific
measures of oxidative damage to cellular macromolecules, and particularly DNA, may
be crucial to the toxicity of MeHg. Previously, our laboratory provided the first direct in
vivo evidence that knockout mice deficient in the repair of the oxidative DNA lesion 8-
0x0-2’-deoxyguanine (8-oxodG) by the enzyme oxoguanine glycosylase 1 (OGG1) are
more susceptible to the neurotoxic effects of in utero exposure to the ROS-initiating
teratogen methamphetamine. Therefore, if ROS are involved in the mechanism of
toxicity of MeHg, animals with an impaired capacity to repair oxidatively damaged DNA
may be at greater risk of postnatal neurodevelopmental deficits after in utero exposure

to MeHg.

1.1.2  Purpose of the study and objective

The purpose of my project was to determine the role that ROS, and more specifically,
oxidative DNA damage, play in the mechanism of developmental toxicity of MeHg. To

do so, | used two major mechanistic approaches in examining the effects of in utero



exposure to MeHg at the molecular, cellular, and functional levels: in the first, outbred
CD-1 mice were exposed to a single dose of MeHg with or without pretreatment with the
free radical spin trap a-phenyl-N-tert-butylnitrone (PBN) late in gestation to determine
whether blocking MeHg-initiated ROS in fetal brain would reduce the incidence or
severity of postnatal cognitive deficits in the offspring; in the second, DNA repair-
deficient oggl knockout mice were exposed in utero to the same MeHg dosing regimen,
without PBN pretreatment, to determine whether impaired DNA repair would increase
the incidence or severity of cognitive deficits in the offspring. In the CD-1 mice exposed
to MeHg with or without PBN pretreatment, | measured 8-o0xo-2’-deoxyguanosine (8-
oxodGuo) levels in fetal brain; postnatal cognitive and neurodevelopmental outcomes
using novel object recognition, passive avoidance, and von Frey filaments; and lifespan
(fig 1.1). In the oggl knockout animals, | measured 8-oxodGuo levels in fetal brain;
DNA double-strand breaks (DSBs), apoptosis, and cellular proliferation and migration in
the developing hippocampal region of the fetal brain; and examined the progeny for
postnatal cognitive and neurodevelopmental outcomes using novel object recognition,

passive avoidance, and von Frey filaments (fig 1.2).

1.1.3  Statement of research hypothesis and rationale for hypothesis

MeHg increases ROS formation in the fetal brain, causing oxidative damage to DNA
that alters brain cell development, resulting in postnatal neurodevelopmental deficits. If
this hypothesis is correct, pretreatment with an antioxidant should be protective: both
fetal ROS levels and postnatal neurodevelopmental deficits should be decreased by

prior in utero exposure to the free radical spin trapping agent PBN.
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Figure 1.1: Measuring the effect of MeHg and PBN on neurodevelopment

To determine the effects of methylmercury (MeHg) and a-phenyl-N-tert-butylnitrone (PBN) on the
developing brain, pregnant CD-1 dams were injected i.p. with 4 mg/kg MeHg, or an equivalent volume
of phosphate-buffered saline (PBS), with or without pretreatment with 45 mg/kg PBN on gestational
day (GD) 17. To guantify fetal levels of DNA oxidation in the brain, fetal brains were harvested & hr
after treatment and 8-oxo-2'"-deoxyguanosine (8-oxodGuo) levels were measured using high-
performance ligquid chromatography (HPLC) with tandem mass spectrometry (MS). To measure
cognitive function, offspring were tested using the object recognition test at 6 weeks of age and the
passive avoidance test at 4 months of age. Somatosensory function was confirmed using von Frey
filaments. One litter from each treatment group was also followed to 16 months of age to measure
effects on long-term survival.
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Figure 1.2: Measuring the effect of MeHg and OGG1 on neurodevelopment

To determine the effects of MeHg and impaired DNA repair on the developing brain, pregnant DNA
repair-deficient oggl heterozygous dams were injected i.p. with 4 mg/kg MeHg, or an equivalent
volume of PBS on GD 17. To quantify fetal levels of DNA oxidation in the brain, fetal brains were
harvested 6 hr after treatment and 8-oxodGuo levels were measured using HPLC-MS. DNA damage at
this timepoint was also measured in fetuses from wild-type and oggl knockout dams by counting the
number of cells in the developing hippocampal region with DMNA double-strand breaks (DSB) using
immunohistochemical detection of yH2ZAX. Apoptosis and proliferation in the hippocampal region were
also measured at this timepoint using immunohistochemical detection. To measure postnatal cognitive
function, offspring from heterozygous dams were tested using the object recognition test at 6 weeks of
age and the passive avoidance test at 4 months of age. Somatosensory function was confirmed using
von Frey filaments.



Conversely, compromised levels of fetal DNA repair, in this study a deficiency in OGGL1
in fetal brain, should increase the level of oxidatively damaged DNA in fetal brain and
postnatal neurodevelopmental deficits. PBN has previously been shown to partially
reduce MeHg-induced increases in ROS in astrocyte cell cultures (Shanker & Aschner,
2003). Other antioxidants, including catalase, Trolox, and ebselen have also been
shown to reduce some toxic effects of MeHg (Shanker & Aschner, 2003; Yin et al.,
2011). Our laboratory has shown that oggl knockout cell lines and cell lines
overexpressing hOggl are more susceptible to the cytotoxic effects of MeHg,
suggesting that oxidative damage to DNA and DNA repair status may play crucial roles
in modulating susceptibility to MeHg toxicity. The purpose of my project was to
determine whether ROS, and more specifically DNA oxidation, are involved in the

mechanism of developmental toxicity of MeHg.



1.2 Reactive Oxygen Species

Reactive oxygen species (ROS), comprised of superoxide (O,™), hydrogen peroxide
(H20,), and the hydroxyl radical (HO"), are highly reactive molecules that are capable of
causing toxicity by oxidatively damaging cellular macromolecules, such as lipids,
proteins, and DNA, and by disrupting signal transduction. However, they are also crucial

regulators of signal transduction and the immune response.

1.2.1 Sources of ROS

1.2.1.1 Endogenous sources of ROS

ROS are formed as byproducts of mitochondrial respiration, when O3 is converted to
O, by Complexes | and IlI of the electron transport chain (fig. 1.3) (review: Balaban et
al., 2005). ROS are also an important component of the protective response of
phagocytic leukocytes, which use the respiratory burst of NADPH oxidases to produce
O, as a component of their antimicrobial activity (Bokoch & Knaus, 2003). NADPH
oxidases convert NADPH and O, to NADP+, hydrogen, and O™, and can also produce
H,O, to assist in signal transduction, discussed in section 1.2.3 (review: Serrander et
al., 2007; Nauseef, 2013). Other ROS-generating enzymes include xanthine oxidase,
the cytochrome P450s (CYPs), and prostaglandin H synthases (PHSs). This
endogenous production of ROS can be used to regulate cell signaling cascades, further

discussed in section 1.2.3.



Cytoplasm

L]
H+ H# 02- H+
l uce
povodf i b3 , : PRIFRPATIRATARR AN
‘ : : (NN ) "{ ‘ F| 18 \
AR
333D amaa.fe/f\j»wm 33
ADP | ATP
Pi o b
NADH Matrix

Figure 1.3 Generation of superoxide from the electron transport chain in mitochondria

Reprinted and modified from Cell, Vol. 120, Balaban et al, Mitochondria, oxidants, and aging, pp. 483 —
495, © 2005, with permission from Elsevier.



1.2.1.2 Exogenous sources of ROS

In addition to endogenous sources, ROS formation can also be enhanced in the body
by xenobiotics. Bioactivation of xenobiotics by a number of enzymes, including PHSSs,
CYPs and lipoxygenases (LPOs), can result in free radical intermediates which react
with oxygen to form ROS (fig. 1.4) (review: Wells et al., 2010). As both PHS and LPO
are expressed during development, they may be important contributors to the ROS-
mediated developmental effects of xenobiotics including phenytoin and
methamphetamine (Yu & Wells, 1995; Parman et al., 1998; Jeng et al., 2006).
Xenobiotics that can be metabolized to quinones by PHS and CYPs can also form ROS
by redox-cycling, whereby the quinone is reduced by NADPH P450 reductase to a
semiquinone, which can be oxidized back to the quinone by reacting with O, in the
process producing O, (fig. 1.4). Xenobiotics can also indirectly increase ROS levels by

inducing enzymes like NADPH oxidases that produce ROS.

1.2.2 ROS-induced toxicity

In the body, ROS can attack cellular macromolecules, including proteins, lipids, and
DNA. The oxidation of proteins can disrupt their function, as the oxidation of protein
residues often leads to the activation or inactivation of the protein, further discussed in
section 1.2.3. Lipid peroxidation in cell membranes can increase their permeability to
ions, causing protein dysfunction, and can cause leakage of normally contained
enzymes, including hydrolytic enzymes from lysosomes (Halliwell & Gutteridge, 2007).
Oxidative DNA damage has been implicated in several forms of cancer (Audebert et al.,

2000; Goode et al., 2002; Kunisada et al., 2005; Singh et al., 2013). HO" can attack
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Figure 1.4 Formation, detoxification, and toxic effects of ROS
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Reproduced from Wells et al., Oxidative DNA damage and repair in teratogenesis and
neurodevelopmental deficits, Birth Defects Res C Embryo Todoy, 2010, with permission from John Wiley
and Sons Inc.
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DNA bases, resulting in DNA lesions that can cause mutagenesis, transcriptional
mutagenesis, and transcriptional stalling (Xie et al., 2004; Halliwell & Gutteridge, 2007;
Pastoriza-Gallego et al., 2007). Over 20 lesions have been identified, of which 8-oxodG
is among the most common and most studied (Dizdaroglu, 2005; Hu et al., 2005). 8-
oxodG is further discussed in section 1.3.2.1. ROS can also attack the sugars of the
DNA backbone, resulting in bulky cyclic lesions and single-strand breaks (Nakamura et

al., 2003; Halliwell & Gutteridge, 2007).

1.2.3 The role of ROS in cell signaling

While ROS are often thought of as toxic species, they also play an important role in
signal transduction, through the regulation of protein activity by oxidation. Some
proteins contain reactive cysteines that have pKas of approximately 4 or 5 because of
the surrounding amino acids, instead of the typical pKas of 8 or 9 (Kim et al., 2000b).
These cysteines are easily oxidized, and this oxidation can regulate protein activation
and inactivation (fig. 1.5) (review: Miki & Funato, 2012). While the initial oxidation of the
thiol to a sulfenyl moiety is easily reduced back to the thiol, subsequent oxidations to
sulfinyl and sulfonyl moieties cannot easily be reduced, potentially leading to permanent
changes in protein activity. Oxidation of protein tyrosine phosphatases inactivates them,
while oxidation of some tyrosine kinases activates them, allowing for sustained

activation of other phosphorylated proteins.
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Figure 1.5 Regulation of protein activity by reversible oxidation of cysteine residues by ROS

from Miki and Funato, Regulation of intracellular signalling through cysteine oxidation by reactive
oxygen species, J. Biochem, 2012, Vol. 151, Issue 3, pp. 255 — 261, by permission of Oxford University
Press,
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ROS can activate the Wnt/B-catenin pathway, which helps to guide differentiation, and
maintain stem cell pluripotency (review: Funato & Miki, 2007). ROS-mediated oxidation
of thiol groups in nucleoredoxin (NRX) triggers it to release dishevelled (Dvl), which is
thereby activated (Funato et al., 2006). Dvl prevents the degradation of B-catenin,
allowing it to translocate to the nucleus and bind transcription factors from the TCF/LEF
family, activating target gene transcription (Sokol, 2011). When an imbalance between
ROS formation and detoxification exists, the normal functioning of ROS in regulating cell

signaling can be disrupted.

1.2.4 Detoxification of ROS

1.2.4.1 Non-enzymatic ROS detoxifiers

Metallothioneins (MTs), which contain multiple thiol groups, protect the body against
heavy metal toxicity by forming covalent adducts with the metals, but they can also
reduce ROS-mediated toxicity via the preferential oxidation of their thiol groups (Jeong
et al., 2004). MT also protects against MeHg toxicity. MT-1 and -2 null mice exposed to
MeHg throughout gestation and for 10 days after birth develop more severe cognitive
deficits, revealed in passive avoidance tests and the Morris water maze, and decreased
exploratory behaviour in the open field test compared to their wild-type littermates by 12
months of age (Yoshida et al., 2008). MeHg has been shown to induce MT-1 and -2 in

the cerebellum and liver, as well as MT-1 in the kidneys (Yasutake & Nakamura, 2011).
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Glutathione (GSH) is used as a co-factor or substrate for ROS-detoxifying enzymes
such as GSH peroxidase (GSH-Px) and GSH S-transferase (GST), respectively
(reviews: Board & Menon, 2013; Brigelius-Flohé & Maiorino, 2013). The thiol group on
the cysteine residue of GSH can be oxidized, resulting in its antioxidant properties.
However, similar to many other antioxidants containing thiol groups, GSH may also
protect against MeHg toxicity by binding directly to it, instead of detoxifying MeHg-
enhanced ROS levels. Glutamate-cysteine ligase, which catalyzes the first and rate-
limited step in the synthesis of GSH, is induced in the brains of female mice exposed
subchronically to MeHg via drinking water (Thompson et al., 1999). GSH is also an
important facilitator of the excretion of MeHg from the body, discussed further in section

1.4.3.1 (Schlawicke Engstrom et al., 2008; Lee et al., 2010).

Similarly to MT and GSH, N-acetyl-cysteine (NAC) and other thiol-containing molecules
can act as both MeHg and ROS detoxifiers through their thiol residues, which are easily
oxidized and bind readily to MeHg. Detoxification of MeHg by NAC is further discussed

in section 1.4.2.

Transcription factors also act as antioxidants by regulating the levels of other
antioxidant proteins and enzymes. Nuclear factor-erythroid 2-related factor 2 (Nrf2) is
normally bound to Keap1l in the cytoplasm (review: Surh, 2003). When Keapl is
oxidized, Nrf2 is released and travels to the nucleus, upregulating the transcription of a

number of protective and antioxidant proteins, including GST, heme oxygenase 1, y-
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glutamate cysteine ligase, NADPH:quinone oxidoreductase, and DNA repair enzymes,
including OGGL1 (Itoh et al., 1999; Dhénaut et al., 2000; Hayes et al., 2000; Shih et al.,

2003).

Fat-soluble vitamin E, the general name for a group of four tocopherols and four
tocotrienols, can directly attack free radicals, becoming oxidized to a stable non-toxic
radical (review: Niki & Traber, 2012). Vitamin E, generally administered as a-tocopherol,
does appear to have some protective effects against MeHg toxicity, protecting
cerebellar granule cells from lipid peroxidation, cell death and decreased migration after
MeHg exposure (Shichiri et al., 2007). After exposure to a chronic, relatively high dose
of MeHg, improvements in postnatal rat survival, as well as some parameters of
maternal health were observed with co-treatment with a combination of vitamin E and
selenium (Beyrouty & Chan, 2006). Vitamin E can also counter some of the toxic effects
of MeHg poisoning, reducing motor coordination deficits and mortality, as well as lipid
peroxidation and protein oxidation (Yamashita et al., 2004). Trolox, a water-soluble
vitamin E derivative, has been shown to be partially protective against MeHg toxicity in
adult rats, as well, restoring mitochondrial enzyme function in skeletal muscle and

reducing MeHg-initiated apoptosis in the cerebellum (Usuki et al., 2001).

Vitamin C, or ascorbic acid, can bind directly to ROS, but also assists in regenerating
vitamin E by reducing oxidized vitamin E (Niki, 1987; Chan, 1993). There is limited

evidence that vitamin C has a protective effect against MeHg toxicity. One study found
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that vitamin C was protective against very low doses of MeHg in cerebellar granule cells
(Farina et al., 2009). However, an in vitro study on rabbit kidney cortical slices found
that ascorbic acid increased the uptake of MeHg and lipid peroxidation (Fujimoto et al.,
1988). Studies in adult mice and Atlantic salmon have both shown that dietary MeHg
can result in decreased vitamin C levels in the liver (de Freitas et al., 2009; Olsvik et al.,

2011).

Ebselen is an organo-selenium compound that can act as a GSH-Px mimic, particularly
phospholipid-hydroperoxide GSH-Px (Maiorino et al., 1988). It has also been shown to
protect against MeHg in astrocyte cultures. Pretreatment of ebselen in rat neonatal
primary astrocyte cultures protected against MeHg-initiated glutamine uptake decreases
and caspase-3 increases (Yin et al., 2011). Similarly, in vitro studies in cortical slices
from adult mice have demonstrated that ebselen blocked MeHg-initiated inhibition of
glutamate uptake (Farina et al., 2003). Since ebselen also appears to decrease MeHg-
initiated ROS formation, it has been suggested that this may be the mechanism by
which it blocks glutamate uptake inhibition (Farina et al., 2003; Roos et al., 2009).
Ebselen, however, has no effect on glutamate uptake inhibition by IHg (Moretto et al.,

2005).

Selenium is an essential component for a number of enzymes, including antioxidant
enzymes such as GSH-Px and thioredoxin reductases (Rotruck et al., 1973; Zhong et

al., 2000). MeHg has been shown to inhibit both of these enzymes (Watanabe et al.,
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1999; Usuki et al., 2011). Selenoamino acids are capable of demethylating MeHg, and it
appears that selenium-containing compounds are essential for binding and
sequestering IHg (Khan & Wang, 2010; Korbas et al., 2010). However, binding of
selenium to MeHg also has the side effect of sequestering selenium, which can result in
the inhibition of selenium-dependent enzymes, leading to increases in oxidative stress.
Rodents exposed to low-selenium diets are more susceptible to the effects of MeHg
than those with high-selenium diets (Ralston et al., 2008). It has also been shown that
diphenyl diselenide can decrease MeHg-initiated lipid peroxidation, reduce oxidative
stress in the liver and cerebellum, and reduce Hg accumulation in the cerebrum,

cerebellum, kidney, and liver (de Freitas et al., 2009).

1.2.4.1.1 a-phenyl-N-tert-butylnitrone (PBN)
PBN is primarily known as a free radical spin trapping agent (fig. 1.6) (Floyd et al.,

2008). PBN traps radicals by reacting with them to form stable nitrone spin adducts.

In rats, PBN has a half-life of 2 — 3 hours, with levels in the brain peaking at 45 minutes
after intraperitoneal (i.p.) injection, and at 15 minutes in the plasma (Chen et al., 1990;
Marklund et al., 2002; Trudeau-Lame et al., 2003). In mice, the half-life appears to be
closer to an hour (Liu et al., 1999). However, a previous study found that a dose of 265
mg of PBN i.p. trapped more radicals in mice when injected 3 hours prior to being y
irradiated than when it was injected 30 min prior to irradiation (Lai et al., 1986). While

there may be a number of factors contributing to this difference, including the free
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Figure 1.6 Structure and free radical trapping mechanism of PBEN
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radical species and the timeframe in which they are formed, it is evident that PBN
retains protective properties in the mouse for several hours. This is further supported by
studies from our laboratory which demonstrated that PBN administered 2 hours prior to
phenytoin in mice protected against increases in lipid peroxidation and protein oxidation
(Liu & Wells, 1994). In monkeys, the half-life of PBN is approximately 0.75 hours, and
similarly to the rat, the majority of PBN appears to be metabolized to a-hydroxy-phenyl-
N-tert-butylnitrone in the liver (Trudeau-Lame et al., 2003; Lame et al., 2004). It is
estimated that a dose of 150 mg/kg PBN will result in a brain concentration of 330 uM,

and a blood concentration of 225 uM (Cheng et al., 1993).

Nitrones have been studied for their effectiveness in treating stroke, cancer, and other
diseases of aging. While the nitrones have as yet had little clinical success for the
treatment of stroke, one PBN derivative, 2,4-disulfophenyl-tert-butylnitrone, has been
shown to be safe clinically and potentially effective for the treatment of gliomas (Floyd et

al., 2011).

Our laboratory has repeatedly demonstrated that pretreatment with PBN can be
protective against in utero exposure to ROS-initiating teratogens. In rabbits, PBN
reduces DNA oxidation increases, structural deficits, increased fetal resorptions, and
increased post-partum lethality caused by in utero exposure to thalidomide (Parman et

al., 1999); and in mice, PBN reduces cleft palate incidence and fetal resorptions (Wells
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et al., 1989), as well as increased protein and lipid oxidation (Liu & Wells, 1994), caused

by in utero exposure to phenytoin.

Although it is often assumed to exert its protective effects because of its spin trapping
properties, there is little direct evidence to suggest that this is the primary mode of
protective action for PBN. Additional possible protective mechanisms of PBN are
summarized in Table 1.1. In models where no increases in free radicals, including
oxygen radicals, were detected, PBN exposure blocked calcium channels and induced
pulmonary artery relaxation (Anderson et al., 1993); blocked the anticholinesterase
effect of diisopropylphosphorofluoridate (Milatovic et al., 2000b); decreased nitric oxide
(NO) in a model of neuroinflammation (Endoh et al., 2001); and decreased glutamate
efflux in the ventral tegmental area after low-dose amphetamine exposure (Wolf et al.,

2000).

Additionally, PBN has been found to protect in an MPTP-induced Parkinson’s Disease
model without reducing the increase in HO" observed in the substantia nigra (Ferger et
al., 2000). Similarly, in a model of B-amyloid injection-induced model of Alzheimer’s
Disease, PBN reduced dentate gyrus lesion size, but had little effect on lipid

peroxidation (Montiel et al., 2006).



Dose/ Increase in
concentration ROS/free
odel of PBEN Effect radicals?  Source
Rat pulmonary artery Relaxation of artery rings, Wnderson et
rings 1.0 mM inhibition of calcium influx MNo al.1993
Lipopolysaccharide Decrease in inducible NOS protein Miyajima and
injection in adult micel300 mg/kg levels, and nitric oxide levels M/A Kotake, 1995
Protection against loss of body
weight and mortality, partial
protection of striatal dopamine
MPTP-initiated depletion and reduced locomotor [Yes, but no
Parkinson's Disease [200 mg/kg x 15 |activity, but no decrease of protection [Ferger etal.
model in mice days hydroxyl radical levels by PBN 2000
Protection of acetylcholinesterase Milatovic et
Wdult rat 300 mg/kg activity MNo al.2000
In vitro: Purified Reversible inhibition of Milatovic et al.
acetylcholinesterase |1.0 mM acetylcholinesterase MA 2000
5 mg/kg
amphetamine in adult Protected against glutamate efflux
rat 60 mg/kg in ventral tegmental area No Wolf et al. 2000
Decrease in nitric oxide in the
Lipopolysaccharide cerebrum, and in white blood cells Endoh et al.
injection in adult rats [250 mg/keg in cerebrospinal fluid No 2001
Iron-induced epilepsy Improved GLT-1 levels, decreased Samuelsson et
rat model 100 mg/kg extracellular glutamate M/A al. 2003
Yes, but only
Intrahippocampal B- Reduced dentate gyrus lesion size,partial
amyloid injection in but only small decreasein lipid  |protection |Montiel et al.
iadult rat 100 mg/kg peroxidation by PBN 2006
(Cerebral hypoxia-
ischemia in necnatal Inhibition of interleukin-1p, TNF-a
rats 100 mg/kg and iNOS mRNA A Lin et al. 2006
Rescue of neurological reflexes,
Neuroinflammation in passive avoidance learning, and
neonatal rats 100 mg/kg CA1 neurcnal loss N/A Fan et al.2010
y studies:
Protection against novel object
recognition deficit, possible
M mg/kg MeHg in prevention of MeHg-initiated
developing mouse |45 mg/kg decrease in lifespan N/A

Table 1.1: A comparison of the potentially ROS-independent effects of PBN in different in vivo and in

vitro models
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Other studies have identified other protective effects of PBN without measuring free
radical formation, making it difficult to determine whether PBN exerts its protective effect
in these models by free radical trapping, or by other mechanisms. It is important to note,
then, that trapping of oxygen radicals by PBN may still be the primary protective
mechanism in these models. It has been shown to decrease levels of inducible NO
synthase (NOS) and protect against cognitive deficits in models of neuroinflammation
(Lin et al., 2006; Fan et al., 2008); inhibit the activity of purified acetylcholinesterase
(Milatovic et al., 2000a); and restore glial glutamate transporter 1 (GLT-1) levels in a

model of iron-induced epilepsy (Samuelsson et al., 2003).

Of particular interest to my studies is that the decrease in extracellular glutamate may
provide an alternative mechanism by which PBN can protect against MeHg toxicity, as
MeHg is known to increase extracellular glutamate levels in the brain, potentially leading
to excitotoxic damage (fig. 1.12 and 1.13) (Allen et al., 2001; Juarez et al., 2005;
Mutkus et al., 2005; Xu et al., 2012). However, an important corollary is that each of the
studies cited employed a higher PBN dose than mine, generally more than 2-fold
higher. It is possible that at these higher doses, PBN has actions that do not occur at
the lower dose | used. The 45 mg/kg dose of PBN that | employed was based on
previous studies from our laboratory that showed that PBN pretreatment decreased
protein and lipid oxidation levels caused by ROS-initiating teratogens at doses that had

no other toxic effects (Liu & Wells, 1994).
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1.2.4.2 Enzymatic pathways for detoxifying ROS

The levels of antioxidative enzymes are often low in the developing fetus compared to
the adult, with notable exceptions including glucose-6-phosphate dehydrogenase, and
the DNA repair enzyme OGG1 (Nicol et al., 2000; Wong et al., 2008; Wells et al., 2009;
Abramov & Wells, 2011). The fetus, therefore, can be especially susceptible to the toxic
effects of ROS. Superoxide dismutase (SOD) converts O,"" to H,O,, which can be
further detoxified by catalase to water and O,, or by GSH-Px to water (fig. 1.4) (review:
Wells et al., 2010). GSH is oxidized during the detoxification of H,O, by GSH-Px, but
can be regenerated by GSH reductase, through the oxidation of NADPH to NADP+.
NADPH is subsequently regenerated by G6PD. However, O, and H,O, can also form
HO’, which can oxidize cellular macromolecules, including lipids, proteins and DNA.
The addition of exogenous catalase appears to be protective against MeHg-toxicity in
vitro, restoring glutamate transport in cultured astrocytes and reducing MeHg-initiated
DNA DSBs in mouse embryonic fibroblasts (Allen et al., 2001; Ondovcik et al., 2012).
These studies implicate H,O; in the mechanism of toxicity, and suggest that HO", which
is generated by the reduction of H,O, and is responsible for oxidizing deoxyguanine to

8-oxodG, may be involved in the mechanism of toxicity.
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1.3 Oxoguanine Glycosylase 1 (OGG1)

OGGL1 is a base excision repair (BER) enzyme (Arai et al., 1997; Tani et al., 1998).
BER is the major form of DNA repair that recognizes and removes single nucleotide
lesions, including methylated and oxidatively damaged bases. OGGL1 is involved
primarily in short-patch BER, where only the damaged nucleotide is removed and
replaced, as opposed to long-patch BER, where a short oligonucleotide strand is
replaced (review: David et al., 2007). Additional DNA repair pathways are discussed

further in section 1.3.8.

OGGL1 has been previously implicated by our laboratory in neurodevelopmental deficits
caused by methamphetamine (Wong et al., 2008). Studies in mouse embryonic
fibroblasts in our laboratory have also shown that oggl -/- cells are more susceptible to
DNA DSBs, apoptosis, and cell cycle arrest after MeHg exposure than wild-type cells
(Ondovcik et al., 2012, 2013b). However, human embryonic kidney cells expressing
hOggl were also more sensitive to the cytotoxic effects of MeHg than their wild-type
counterparts (Ondovcik et al., 2013a). It is possible that this was caused by increased
OGG1 activity in removing MeHg-induced DNA lesions without adequate activity from
downstream enzymes to complete the DNA repair process. These studies suggest that

OGG1 may be involved in the mechanism of toxicity of MeHg.
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1.3.1 Structure and Localization

First identified in yeast but also found in eukaryotes, OGG1 is a functional homolog of
the bacterial enzyme formamidopyrimidine DNA glycosylase (fpg) (van der Kemp et al.,
1996; Arai et al., 1997; Tani et al., 1998). hOgg1 is found at 3p26 (Arai et al., 1997,
Ishida et al., 1999a), while in the mouse, oggl is found on chromosome 6 (Tani et al.,
1998). OGG1 belongs in the helix-hairpin-helix family of DNA glycosylases, and this
domain appears to be conserved between the yeast, mouse and human OGG1 proteins
(Arai et al., 1997; Rosenquist et al., 1997; Tani et al., 1998). An additional zinc finger-
like motif is relatively well-conserved among the three species (Tani et al., 1998). Both
the mouse and human genes consist of 7 exons (Tani et al., 1998; Ishida et al., 1999a).
hOGG1 is 38% homologous with yeast OGG1, and approximately 84% homologous

with mouse OGG1 (Arai et al., 1997; Radicella et al., 1997).

In humans, aOGGL1 localizes to the nucleus while BOGG1 is found in the mitochondria
(Nishioka et al., 1999). Both enzymes are coded by the first six exons of the Oggl gene,
but the seventh exon that codes aOGG1 is approximately 9 kb before the last exon that
codes BOGG1 (Ishida et al., 1999a). Mitochondrial OGG1 activity has also been

identified in rats and mice (Chen et al., 2000; de Souza-Pinto et al., 2001).
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1.3.2 Lesions repaired

1.3.2.1 8-ox0-2’-deoxyguanine (8-oxodG)

8-o0xodG (fig. 1.7) is formed when guanine is oxidized by a hydroxyl radical at the 8-
carbon position, forming an oxidized guanine intermediate (review: Greenberg, 2012).
This intermediate is further oxidized to form 8-oxodG. 8-oxodG can exist in both keto-
and enol-forms, with the keto-form being favoured at physiological pH (Bjelland &
Seeberg, 2003). 8-oxodG can mispair with adenine, resulting in mutagenesis in the form
of G:T transversions (Shibutani et al., 1991; Le Page et al., 1998). It is one of the most
common oxidative DNA lesions, and it is estimated that mammalian cells may form 10°

— 10° 8-0x0dG lesions each day (Park et al., 1992).

In an oggl -/- mouse model, 2-fold increases in 8-oxodGuo have been observed in the
liver, although not in the spleen or kidneys (Klungland et al., 1999; Osterod et al., 2001).
Furthermore, 8-oxodGuo appears to accumulate with age in these mice (Osterod et al.,
2001). We have previously shown that oggl -/- mice are more susceptible to the in
utero effects of methamphetamine at exposures that increase 8-oxodGuo levels in the

fetal brain, suggesting that it is a pathogenic lesion (Wong et al., 2008).

While it is generally agreed that large, bulky lesions are capable of stalling transcription,
whether or not 8-oxodG is capable of causing RNA polymerase to pause remains
relatively controversial, as multiple studies have indicated that transcription bypass at 8-

oxodG sites can be as high as 95% (Tornaletti et al., 2004; Kuraoka et al., 2007,
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Figure 1.7: Formation of 8-oxodG and fapyG

deoxyGuanine (dG) can be oxidized by hydroxyl radicals at the 8-carbon position, resulting in a oxidized
base intermediate that can be further oxidized to produce 8-oxo-2'-deoxyguanine (8-oxodG), or
reduced to form 2,6-diamino-4-hydroxy-5-formamidopyrimidine (fapyG). 8-oxodG can existin both
keto- and enol- forms.

Adapted with permission from Greenberg, The formamidopyrimidines: Purine lesions formed in
competition with 8-axapurines from oxidative stress, Acc Chem Res, Vol. 45, 2012, © 2013 American
Chemical Society.
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Saxowsky et al., 2008). While oligonucleotides containing 8-oxodG appear to be able to
partially stall RNA polymerase Il, the presence of transcription elongation factors TFIIS,
Cockayne Syndrome B (CSB), and elongin appear to facilitate the selective bypassing
of 8-0xodG by RNA polymerase Il (Kuraoka et al., 2007). While this may appear
protective, it is possible that this increased RNA polymerase bypass results in
transcriptional mutagenesis, whereby a misincorporated adenine results in a mutant
protein with impaired function. Ogg1l -/- cells with 8-oxodG at codon 61 in the template
strand of the Ras oncogene were more likely to form mutant Ras proteins, where a
mispaired adenine in the transcribed RNA strand resulted in a glutamine>lysine
mutation (Saxowsky et al., 2008). This mutation resulted in a constitutively active Ras
protein, greatly increasing the potential for carcinogenesis. Transcriptional mutagenesis
and stalling may be particularly important for relatively non-replicating cell populations,

such as in the brain, but also during critical windows of development.

There is evidence that under certain conditions, 8-oxodG is capable of stalling
transcription, and this appears to be dependent on the context of the surrounding strand
(Pastoriza-Gallego et al., 2007). Oggl -/- cells transfected with 8-oxodG-containing
luciferase reporter plasmids were more likely to experience transcription arrest at the 8-
oxodG sites, and this arrest was exacerbated by further loss of function mutations for
the transcription coupled repair (TCR) protein CSB. Transcription arrest could be
increased if the promoter region was not particularly strong, when 8-oxodG was inserted
in GC-rich zones, and when 8-oxodG was farther from the promoter region. Moreover, it

has also been shown that in the presence of OGG1, 8-o0xodG can become more
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effective at blocking transcription (Kitsera et al., 2011). Ogg1l -/- mouse embryonic
fibroblasts transfected with 8-oxodG-containing EGFP reporter genes had
approximately 1.2 fold greater EGFP expression than wild-type cells. In the wild-type
cells, the presence of 8-0xodG in either the transcribed or non-transcribed strand
caused transcription stalling. The authors suggested that BER intermediates containing

single strand breaks might be responsible for the transcription arrest.

Previously, studies have shown that MeHg causes 2-fold increases in 8-oxodGuo levels
in C6 glioma cells, with peak levels being observed 6 hr after exposure (Belletti et al.,
2002). Studies from a laboratory at the China Medical University in Liaoning have
consistently found increases in 8-oxodG levels in the cerebral cortices of adult rats
exposed chronically to MeHg (Xu et al., 2012; Liu et al., 2013). Similarly, a study
examining the effect of MeHg exposure on the livers and kidneys of adult rats found
increased 8-0xodG levels in the kidneys (Jin et al., 2008). Industrial workers exposed to
Hg also have elevated urinary 8-oxodGuo levels, although the relative contributions of
Hg and MeHg exposure are difficult to interpret (Chen et al., 2005). However, a study in
human lymphocytes suggests that MeHg may be approximately twice as effective as

IHg at inducing 8-oxodG formation (Ogura et al., 1996).
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1.3.2.2 2,6-diamino-4-hydroxy-5-formamidopyrimidine

While 8-oxodG is considered the primary lesion repaired by OGG1, other oxidative DNA
lesions are also substrates. 2,6-diamino-4-hydroxy-5-formamidopyrimidine (fapyG) is a
ring-opened lesion which appears at similar or greater frequencies than 8-oxodG (fig.
1.7) (Proteggente et al., 2001; Hu et al., 2005; Greenberg, 2012). fapyG appears to be
formed from the same intermediate as 8-oxodG: when guanine is oxidized by a hydroxyl
radical, the resulting molecule can be further oxidized to form 8-oxodG, or it can be

reduced to form fapyG (Munk et al., 2007).

Unfortunately, there is currently no information on the role that fapyG might play in
causing neurodevelopmental deficits. This is likely due to the fact that fapyG remains
relatively unstudied. However, since we have previously shown that oggl -/- female
mice are more susceptible to the effects of ROS-generating xenobiotics like
methamphetamine, and that oggl -/- mouse embryonic fibroblasts are more susceptible
to MeHg, it may well be that fapyG, as a common oxidative DNA lesion repaired by

OGG1, is involved in the mechanism of toxicity.

1.3.2.3 Other lesions repaired

OGG1 can also repair a number of cytosine mispairings, including urea, 5-
hydroxyuracil, 5,6-dihydrothymine, and thymine glycol (Ide & Kotera, 2004). Incision
activity at 8-oxo-2’-deoxyadenine mispaired with cytosine, and at methyl-fapyG has also

been detected (Girard et al., 1998).
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1.3.3 Expression

In mice, OGG1 activity is detectable in the fetal brain and liver on GD 17 at levels 2- to
6-fold higher than in the adult brain and liver (fig. 1.8), although they are comparable in
other organs (Larsen et al., 2006; Wong et al., 2008). Oggl -/- fetuses did not appear
capable of repairing 8-oxodG lesions, suggesting that at this developmental stage,
OGGL1 is the sole source of protection against this lesion (Wong et al., 2008). OGG1
MRNA levels appear to be at their highest during gestation and decrease with age (Riis
et al., 2002). Peak mitochondrial OGG1 activity in the rat also occurs late in gestation,

and declines with age (Chen et al., 2002a).

MOGG1 has been identified in the brain, liver, kidneys, spleen, heart, lung, skeletal
muscle and testes, suggesting that its expression is relatively ubiquitous (Tani et al.,
1998). Expression of hOGG1 does not appear to change during the cell cycle (Dhénaut

et al., 2000).

1.3.4 Regulation

As the 5’-upstream region of the gene does not contain a TATA-sequence and is GC-
rich, Oggl appears to be a housekeeping gene, but there is also evidence that it can be
induced (Ishida et al., 1999a; Dhénaut et al., 2000; Ramkissoon & Wells, 2013). The
Oggl promoter region contains a binding site for the transcription factor Nrf2 (Piao et
al., 2011; Singh et al., 2013). Nrf2 is an important component of the cell’'s antioxidant

defence, discussed in section 1.2.4.
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Figure 1.8: OGG1 activity in adult and fetal mouse organs

0OGG1 is more active in fetal brains and livers compared to adult brains and livers in mice. Brain
extracts were incubated with biotin-labelled oligonucleotides containing 8-oxodG and resolved using
15% PAGE, prior to densitometric analysis. * indicates a difference from the respective adult tissue (p <
0.05).

Republished with permission of the Society for Neuroscience from Oxoguanine glycosylase 1 protects
against methamphetamine-enhanced fetal brain oxidative DNA domage and neurodevelopmental
deficits, Wong et al., Val. 28, Issue 36, © 2008; permission conveyed through Copyright Clearance
Center, Inc.
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The tumour suppressor protein BRCAL1 is also capable of up-regulating a number of
DNA repair enzymes, including OGGL1 (Saha et al., 2010). Nuclear extracts incubated
with BRCA1 were found to have increased OGG1 mRNA and protein levels, as well as
increased activity, while BRCA1 knockdown decreased protein levels and activity. This
increase appears to be reliant on the transcription factor OCT1, as OCT1-silencing

abolished the BRCA1-mediated increase in OGGL1 protein levels.

The mitochondrial deacetylase Sirtuin 3 has been shown to maintain OGG1 by
deacetylating it, preventing its degradation (Cheng et al., 2013). Silencing of Sirtuin 3 in
glioblastoma cell cultures resulted in increased 8-oxodG levels, as well as decreased

growth and proliferation.

Cadmium has been show to decrease OGG1 expression and activity in a number of
different species and models (Zharkov & Rosenquist, 2002; Potts et al., 2003; Youn et
al., 2005; Bravard et al., 2006; Singh et al., 2009; Kim et al., 2012; Smith et al., 2013).
This inhibition appears to be mediated by a number of different mechanisms, including
decreasing the binding of the transcription factor Sp1 to the OGG1 promoter, and
irreversibly inactivating OGG1, potentially via oxidation (Zharkov & Rosenquist, 2002;
Youn et al., 2005; Bravard et al., 2006). It is currently unknown whether MeHg is
capable of inhibiting OGG1 activity or of decreasing OGG1 expression, but in light of
what is known about cadmium, this would be worth investigating, although a study of

Saudi Arabian men found that while environmental exposure to cadmium was
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associated with increased OGG1 mRNA, environmental exposure to Hg had no effect
(Al Bakheet et al., 2013). However, since the subjects were exposed to possible metal
contamination from a nearby mine, it is difficult to make any conclusions about the
relative contributions of MeHg and Hg. Furthermore, MeHg may still be capable of

directly inhibiting OGG1 function, or increasing its degradation.

Acetaminophen is also capable of inhibiting DNA repair by OGGL1 in C6 glioma cells by
decreasing protein levels without affecting mRNA levels (Wan et al., 2004). The exact
mechanism by which this occurs is unknown, but the study authors suggest that it may
be due to binding of acetaminophen or one of its metabolites to OGG1, resulting in a
protein adduct which is subsequently targeted for degradation. This hypothesis is
supported by other adducts of acetaminophen or its metabolites to other enzymes,
including glutamine synthetase, glutamate dehydrogenase, and aldehyde

dehydrogenase (review: Zhou et al., 2005).

1.3.5 Mode of Action

OGGL1 appears to slide along the DNA backbone inducing bends to locate 8-oxodG
(Chen et al., 2002b). 8-oxodG is pushed out of the DNA helix into the active site of the
enzyme, forming a lesion-recognition complex, leaving a space in the helix that is
temporarily filled by Asn149 forming a hydrogen bond with the paired cytosine, which
also interacts with Arg154, Arg204 and Tyr203 (Bruner et al., 2000; David et al., 2007).

Gly42 appears to be especially crucial in distinguishing 8-oxodG from guanine, while
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Cys253, GIn315 and Phe319 help to exclude adenine, cytosine and thymine (Bruner et
al., 2000). Lys249 is crucial for the removal of 8-oxodG (Nash et al., 1997; Bruner et al.,
2000). OGG1 is a bifunctional glycosylase, so called as it both acts as a glycosylase by
excising the damaged DNA base, and also as an AP endonuclease by cleaving the 5’-
phosphodiester bond of the DNA backbone (fig. 1.9) (Pascucci et al., 2002; Klungland
& Bjelland, 2007). The resulting gap is filled in with the correct nucleotide by DNA
polymerase 3, which also removes the remaining deoxyribose phosphate and recruits
an XRCC1/DNA ligase Ill complex (Caldecott et al., 1996). DNA ligase 1l seals the
backbone to complete the repair. While OGG1 can also repair 8-oxodG when it is
mispaired with thymine, guanine, and adenine, it is less active at these lesions and has
reduced AP endonuclease activity, most likely to guard against further mutations
incurred by removing 8-oxodG and replacing it with the appropriate base for the original

mispair (Bjoras et al., 1997; Radicella et al., 1997).

1.3.6 Models of OGG1 deficiency

Oggl knockout mice have been generated as models of deficient DNA repair
(Klungland et al., 1999; Minowa et al., 2000). One strain was generated through the
excision of the hairpin-helix-hairpin coding section and insertion of a neomycin-
resistance gene/polyadenylation signal (Neo) in embryonic stem cells from 129SV mice
which were injected into C57BL/6 blastocysts (Klungland et al., 1999). The second
model was generated by excision of the 3’ half of exon 2 and the entirety of exon 3 and
the insertion of a pgk-neo cassette in J1 embryonic stem cells that were similarly

injected into C57BL/6 blastocysts (Minowa et al., 2000). The knockout animals exhibit 2-
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Figure 1. 9: Short-patch BER of 8-oxodG by OGG1
Abbreviations: €, deoxycytosine; LIG Ill, DNA ligase IlI; O, 8-oxo-2"-deoxyguanine; OGG1, oxoguanine
glycosylase 1; POLB, DNA polymerase B; XRCC1, x-ray repair cross-complementing protein 1
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fold to 7-fold higher levels of 8-oxodGuo in the liver, as well as a modest increase in the
spontaneous mutation rate, but no increases in spontaneous tumour incidence or other
age-related diseases (Klungland et al., 1999; Minowa et al., 2000). Despite a 9-fold
increase in mitochondrial 8-oxodG levels in the liver, there is no change in mitochondrial
DNA mutations, nor any loss of function in myh -/- x oggl -/- mice, suggesting that any
disease phenotypes are caused by the loss of DNA repair in the nucleus rather than the

mitochondria (de Souza-Pinto et al., 2001; Halsne et al., 2012).

As previously discussed, female oggl -/- mice appear to be more susceptible to motor
coordination deficits after in utero methamphetamine exposure (Wong et al., 2008).
Additionally, oggl -/- mouse embryonic fibroblasts exhibit decreased growth, and

increased DNA damage and cell death after MeHg exposure (Ondovcik et al., 2012).

1.3.7 The role of OGGL1 in disease

1.3.7.1 OGG1 in cancer

As might be expected with a DNA repair enzyme, OGG1 appears to play a role in a
number of cancers. The loss of function ser326cys mutation of OGG1 in humans has
been associated with an increased risk of colon and lung cancer in humans with 2
mutated gene copies, and decreased sperm health in men who have smoked more than
5 pack-years (Wei et al., 2011; Kershaw & Hodges, 2012; Sameer et al., 2012; Ji et al.,
2013). Loss of heterozygosity or deletions from the short arm of chromosome 3, on

which Oggl is situated, are often commonly found in renal cancers and small cell lung
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cancers (Lu et al., 1997; Audebert et al., 2000). Additionally, it was found in a study of
breast cancer patients that a lack of OGG1 expression in the tumour tissue was
associated with a particularly aggressive phenotype (Karihtala et al., 2012). Mutations in
Oggl have also been observed in lung and gastrointestinal cancers (Ishida et al.,

1999b; Przybylowska et al., 2013).

While they do have increased 8-oxodG levels and a slightly higher spontaneous
mutation rate, oggl -/- mice do not appear to have increased tumour incidence
(Klungland et al., 1999). They are, however, more susceptible to skin cancer after UVB
exposure (Kunisada et al., 2005). The cross-bred progeny of myh -/- x oggl -/- mice
have both a shortened lifespan and increased tumourigenesis, particularly in the lungs
and ovaries, and lymphomas (Xie et al., 2004). Increased incidences of lung and small

intestine cancers have been reported in these mice (Russo et al., 2004).

1.3.7.2 OGGL1 in Development

Our laboratory has found that the progeny of oggl -/- mice are more susceptible to the
adverse developmental effects of in utero methamphetamine exposure (Wong et al.
2008). A single maternal i.p. dose of methamphetamine on GD 17 resulted in increased
8-oxodGuo levels in the fetal brain, and the same dose caused motor-coordination
deficits in the female -/- mice, both compared to saline controls as well as
methamphetamine-treated female +/+ mice (Wong et al. 2008). Deficits were not

observed in the males, suggesting a sex-selective component to methamphetamine
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toxicity, or DNA repair impairment. These deficits continued to 12 weeks of age,
suggesting that a single exposure to an oxidizing xenobiotic during gestation can result

in lasting or permanent deficits in vulnerable individuals.

1.3.7.3 OGGL1 in mild cognitive impairment (MCI) and Alzheimer’s Disease
(AD)

Decreased nuclear OGGL1 levels have been found in the parietal lobes of MCI and late
AD patients and in the frontal lobes of late AD patients, in addition to decreased nuclear
OGG1 activity in the frontal, parietal, and temporal lobes of both MCI and late AD
patients (Shao et al., 2008). In a small sample of AD patients and age-matched
controls, four of fourteen AD patients were found to have loss of function mutations in
Oggl, while no such mutations were observed in the control population (Mao et al.,
2007). There have been conflicting results regarding the levels of fapyG in AD and MCI
patients, but increased levels of 8-oxodG have been found in various brain regions of
MCI and AD patients (Gabbita et al., 1998; Wang et al., 2005b; Wang et al., 2006).
Increased 8-oxodG and 8-oxodGuo have also been measured in the urine and

cerebrospinal fluid of Mixed Dementia patients (Gackowski et al., 2008).

1.3.7.4 OGG1 in Parkinson’s Disease

Increased 8-oxodGuo levels have been found in the substantia nigra of Parkinson’s
Disease (PD) patients (Alam et al., 1997). The proportion of OGG1-positive neurons in
the substantia nigra appears to be higher in PD patients, although it seems unclear if

this is due to OGG1 being upregulated, or whether neurons that do not express OGG1
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are more susceptible to death (Fukae et al., 2005). Regardless, it appears that OGG1

may be protective or involved in a protective response against the onset of PD.

1.3.7.5 OGGL1 in Huntington’s Disease

There is conflicting evidence as to whether or not the ser326cys mutation of OGGL1 is a
risk factor for Huntington’s Disease (HD). While one previous study has found that the
mutation is associated with CAG sequence expansions in the HD gene huntingtin, a
recognized determinant of age of HD onset, another study failed to replicate these

findings (Coppede et al., 2010; Taherzadeh-Fard et al., 2010).

1.3.8 Other related enzymes and repair pathways

MutT homolog 1 (MTH1) removes 8-oxodGuo from the nucleotide pool and MutY
homolog (MYH) removes 8-oxodG after it has been mistakenly paired with adenine
during replication (David et al., 2007). Tyr165Cys and Gly382Asp mutations in MYH,
first identified in a British family (family N), are loss of function mutations which have
resulted in a predisposition to colon cancer (Al-Tassan et al., 2002; Chmiel et al., 2003).
Both of these enzymes play important roles in protecting the cell against mutagenesis,
but in non-mutagenic mechanisms of toxicity, such as during development or in
relatively non-replicating cell populations, such as mature neurons, OGG1, as the only

enzyme unrelated to replication, is likely to be the most important.
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Endonuclease VllI-like 1 (NEIL1), like OGGL1, is a bifunctional glycosylase that is
capable of recognizing many lesions, including fapyG (lde & Kotera, 2004). Although
NEIL1 appears to be relatively inefficient at repairing 8-oxodG, there is evidence that it
can stimulate the release of OGGL1 from abasic sites, presumably increasing the repair
capacity of OGGL1 by freeing it to excise other lesions (Mokkapati et al., 2004).
However, in cases of 8-0xodG lesions that are resistant to excision by OGG1, such as
near the 3’ end of a DNA single strand break, NEIL1 appears to be more efficient at
excising the lesion (Parsons et al., 2005). Although neill -/- mice exhibited no defects in
learning in a Morris water maze task, they had inherently decreased memory retention
compared to wild-type mice, although no changes or deficits were observed in the open-
field test, the rotarod test, novel object recognition, or fear conditioning (Canugovi et al.,
2012). NEIL1 can be inhibited by copper and iron at exposure levels that have no effect
on OGGL1 (Hegde et al., 2010). There is currently no published research on the effects
of Hg or MeHg on NEIL1 function, but it may be an interesting avenue to pursue, in light

of what we know of the effects of copper and iron.

FPG is a bacterial functional, though not structural, OGG1 homolog. It is more efficient
at excising both 8-oxodG and fapyG compared to OGG1, having a greater substrate
affinity and faster rate of action (Frosina, 2006). Previous studies in our laboratory have
indicated that Fpg-expressing human embryonic kidney cells are more susceptible to
MeHg, exhibiting increased cytotoxicity, and decreased survival and growth (Ondovcik
et al., 2013a). Similarly to the increased toxicity also observed in hOggl-expressing

cells, this may be due to an increase in the abasic sites generated by Fpg activity.
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Other forms of DNA repair include long-patch BER, nucleotide excision repair (NER),
mismatch repair (MMR), and DNA double-strand break (DSB) repair. While short-patch
BER identifies and removes only the damaged base, in long-patch BER, DNA strands
between 2 — 12 nucleotides are replaced. Long-patch BER begins similarly to short-
patch BER, but oxidation of the abasic site can render DNA polymerase [3 incapable of
removing the 5’-deoxyribose (Klungland & Lindahl, 1997). Aided by Replication Factor C
(RFC), binding of the processivity factor PCNA at the damage site results in the
recruitment of DNA polymerase &/¢, which replaces a short strand of DNA, resulting in a
‘flap’ oligonucleotide (review: Pascucci et al., 1999; Mailand et al., 2013). This flap is
excised by flap endonuclease 1 (FENL1), leaving a backbone nick that is repaired by

DNA ligase I, aided by Replication Protein A (RPA) (Pascucci et al., 1999).

NER repairs strands with at least 2 damaged bases, as well as bulky DNA lesions that
distort the helical structure, including DNA adducts and cyclic lesions. The two forms of
NER are global genome repair (GGR) and TCR. In GGR, DNA damage is identified by
XPC-RAD23B, while TCR recognizes damaged DNA on the transcribed strand, via the
stalling of RNA polymerase (Lagerwerf et al., 2011). Stalling of RNA polymerase
recruits the proteins Cockayne Syndrome A (CSA) and CSB (Sarker et al., 2005). While
the exact role that CSB plays in TCR is still being elucidated, it may assist in recruiting
downstream repair proteins, and may assist in chromatin remodelling or strand
annealing, while CSA appears to be responsible for ubiquitinating CSB and terminating

repair (Groisman et al., 2006). Our laboratory has shown that CSB-deficient progeny
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exposed in utero to methamphetamine accumulate more 8-oxodGuo in fetal brain than
their wild-type littermates, and that the methamphetamine-exposed CSB-deficient
female progeny exhibit deficits in motor coordination after birth (McCallum et al., 2011).
There is also evidence that CSB may play a role in regulating expression of other DNA
repair enzymes, including OGGL1. In vitro studies have demonstrated that knockdown of
CSB is followed by decreased OGG1 mRNA and protein levels (Javeri et al., 2011).
CSB also appears to co-localize with NEIL1 and increase its repair activity (Muftuoglu et

al., 2009).

Beyond this recognition step, it appears that both GGR and TCR employ the same
mechanism to repair DNA lesions (review: Compe & Egly, 2012). The Transcription
factor Il Human (TFIIH) complex is recruited to the damage site, and prompts opening
of the helix, creating a bubble to which RPA and XPA bind (Krasikova et al., 2010).
TFIIH recruits the endonuclease XPG before it is released and XPA recruits the XPF-
ERCC1 complex (Coin et al., 2008). XPF-ERCCL1 cuts DNA from the 5’ end of the
damage site and XPG cuts from the 3’ end, before DNA polymerases 9, €, or kK complete
the correct nucleotide sequence (Ogi et al., 2010). The backbone nick can be repaired
by DNA ligase Ill and XRCC1 or DNA ligase | and FEN1 (Moser et al., 2007; Mocquet et

al., 2008).

MMR primarily resolves base pair mismatches that occur during replication, as well as

insertion/deletion loops, where improper annealing of repeated-sequence motifs during
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replication can result in an extra-helical bubble (review: Jiricny, 2006). The MutSa
complex, consisting of the proteins MSH2 and MSH6, recognizes base pair mismatches
and short insertion/deletion loops, while MutS3, which consists of MSH2 and MSH3,
recognizes longer insertion/deletion loops (Acharya et al., 1996; Zhang et al., 2005).
Other proteins and protein complexes that are involved include PCNA, exonuclease 1
(EXO1), FEN1, DNA polymerase &/¢, RPA, and RFC, and the MutLa complex, which
consists of the proteins MLH1 and PMS1 (Zhang et al., 2005). MutLa, which is recruited
by MutSa and MutSp, appears to assist in regulating excision by EXO1 at the mismatch

site (Zhang et al., 2005).

DNA DSBs can be directly produced by y-irradiation and UVB exposure, but they can
also be caused by xenobiotics and ROS (Flowers et al., 1997; Srinivasan et al., 2001).
DSBs can also be formed by replication fork collapses, where a SSB or DNA lesion is
encountered during replication, resulting in the formation of a DSB (review: Goodarzi &
Jeggo, 2013). However, DSBs are also be deliberately formed during meiosis, V(D)J
recombination, which introduces diversity into antibody populations, and class switch
recombination, which occurs in response to mature B-cell activation to alter antibody
classes. DNA DSB repair consists of nonhomologous end joining (NHEJ) and

homologous recombination (HR).

HR relies on a homologous sister chromatid, and thus can occur during S phase or in

dividing cells. In HR, repair is initiated by binding of the MRN complex, which consists of
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Mrell, Rad50, and Nbsl (Paull & Lee, 2005). This complex activates ataxia
telangiectasia mutated (ATM), which in turn activates CtIP, a resectase that generates a
3’ overhang (You et al., 2009). EXO1 may also contribute to this resection (Bolderson et
al., 2010). The 3’ strand is coated by RPA before BRCA2 removes it, allowing Rad51 to
bind to the 3’ overhang, with one Rad51 monomer for every 3 base pairs (Wong et al.,
2003; Jensen et al., 2010). Rad52 facilitates matching of the strand with the
homologous region of the undamaged template strand, and Rad54 appears to facilitate
branch migration of the template strand and replicating strand (Mortensen et al., 1996;
Bugreev et al., 2006). DNA polymerase and DNA ligase complete the repair. The
second damaged strand can either be resynthesized from the newly repaired strand
after displacement from the template strand, referred to as synthesis-dependent strand
annealing, or alternatively, both damaged strands can be resynthesized simultaneously
based on the template strands, resulting in a crossover with junctions that are referred
to as Holliday junctions (review: Wechsler et al., 2011). These junctions can be resolved

by a number of enzymes.

Unlike HR, NHEJ can take place both in dividing cells and in non-dividing cells, as it
does not rely on a homologous sister chromatid. In classical NHEJ, the two broken
strands are positioned together by the Ku70-Ku80 dimer, but this results in a greater
probability of mutagenesis, as genetic information can be lost (Walker et al., 2001; Mari
et al., 2006). The Ku70-Ku80 dimer recruits DNA-PKcs, and together these form the
holoenzyme DNA-PK (Spagnolo et al., 2006). DNA-PK autophosphorylates, which

appears to result in a structural change allowing access to the damage site (Reddy et
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al., 2004). Polynucleotide kinase/phosphatase processes the ends to ensure a &’
phosphate and 3’ OH, which are necessary for ligation (Jilani et al., 1999; Karimi-
Busheri et al., 1999). DNA polymerases A and p can fill any gaps that may be present,
and ligation is completed by a DNA ligase IV complex, consisting of XRCC4, XLF, and
DNA ligase IV (Nick McElhinny et al., 2000; Mahajan et al., 2002; Ramadan et al., 2004;

Mari et al., 2006).

Alternative end joining is less understood, but appears to occur in the absence of
classical NHEJ proteins, or in cases where DNA lesions or damage at the ends of DSBs
prevent binding of classical NHEJ proteins, and when the DNA strands are
microhomologous (review: Goodarzi & Jeggo, 2013). The DSBs are bound by MRN and
PARP-1 (lliakis, 2009). The homology between the two strands results in annealing, and
the resulting flaps are removed, possibly by XPF-ERCC1 (Della-Maria et al., 2011).
DNA ligase Il complexed with XRCC1 appears to be the primary ligase that completes

repair (Wang et al., 2005a).

Phosphorylation of histone 2A variant H2AX at Ser139 near the DSB site and
dephosphorylation at Tyr142, produces yH2AX, which is often used as a marker of
DSBs (Rogakou et al., 1998). As yH2AX appears to be produced only in response to
DSBs, it is considered a more definitive marker compared to molecules which also exist
in undamaged cells (review: Mah et al., 2010). H2AX is phosphorylated by ATM, DNA-

PKcs, and ATR, and appears to prompt co-localization of other DNA damage response
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proteins, including the MRN complex (Fernandez-Capetillo et al., 2002; Stiff et al., 2004;
Stiff et al., 2006). After repair is complete, yH2AX is gradually dephosphorylated by
wild-type p53-induced phosphatase 1, protein phosphatase 2A, protein phosphatase 6,
or protein phosphatase 4C (Chowdhury et al., 2005; Nakada et al., 2008; Douglas et al.,

2010; Moon et al., 2010).

Although H2AX -/- mice are viable, they are more sensitive to radiation, the males are
infertile and embryonic fibroblasts from these mice exhibit early senescence and
decreased growth (Celeste et al., 2002). They are also more susceptible to genomic

instability and early tumourigenesis (Celeste et al., 2002; Celeste et al., 2003).

Our laboratory has found increased yH2AX levels in MeHg-treated oggl -/- mouse
embryonic fibroblasts compared to vehicle-treated oggl -/- cells and MeHg-treated wild-
type cells, implicating DNA damage, and specifically DSBs, in the toxic mechanism
(Ondovcik et al., 2012). Maximal yH2AX levels may be observed within an hour of x-ray
irradiation (Firsanov et al., 2012). In our laboratory, however, peak yH2AX levels in
MeHg-exposed oggl -/- mouse embryonic fibroblasts were not observed until at least 6

hr after exposure (Ondovcik et al., 2012).

Given the importance of DNA DSB repair, many animal models developed to be

knockouts of various enzymes involved in the repair process are not viable, but loss of
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function mutations in people and conditional knockout animal models often result in
microcephaly, immune deficiencies, and developmental deficits (review: Phillips &
McKinnon, 2007). Severe combined immunodeficiency (SCID) mice lack DNA-PKcs,
and the CA1 and CA3 neurons of the hippocampus are particularly susceptible to cell

death after excitotoxicity (Culmsee et al., 2001).
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1.4 Methylmercury

MeHg is an environmental toxin to which we are primarily exposed through the
consumption of seafood (EPA, 2013). Mercury (Hg) released into the water through
volcanic or industrial processes, including chloralkali plants and gold mining, is
methylated by aquatic bacteria, entering the food chain (Bisogni & Lawrence, 1975;
Dangwal, 1993; Hamelin et al., 2011). MeHg bioaccumulates in aquatic organisms, and
can result in levels higher than 1 ppm (1 mg/kg) in larger, long-lived, predatory species

such as tuna, king mackerel, shark and swordfish (Table 1.2) (Mahaffey et al., 2011).

MeHg causes neurodevelopmental deficits in learning and memory, measured by T-
mazes, radial arm mazes, Morris water mazes, novel object recognition, and passive
avoidance, and deficits in motor coordination and exploratory behaviour, in multiple
animal models of in utero exposure (Doré et al., 2001; Baraldi et al., 2002; Goulet et al.,
2003; Falluel-Morel et al., 2007; Ferraro et al., 2009). Animal studies have also shown
earlier neurological declines and symptoms of accelerated aging in rodents and
primates, including decreased motor and visual function, as well as the development of
previously undetected cognitive deficits (Spyker, 1975; Rice & Hayward, 1999; Newland

& Rasmussen, 2000; Yoshida et al., 2008).
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Rank Specles EPA+DHA Hg milligrams/
milligrams/100 g 1,0009
of fish of fish*

1 Shrimp 390 0.03-0.04
2 Tuna (all, average) 630 0.24-0.48
Canned®:
Light (skipjack) 128°-270" 0.11-0.12
White (albacore) 862" 0.35-0.37
Fresh:
Bluefin (7 kg) 1,173**-1,504" 013
Skipjack (3 kg) 256**-328" 0.17
Yellowfin (5-20 kg) 100**-120" 0.06-0.31
3 Breaded fish products 0.26 0.135'
- Salmon 1,590 0.04-0.13
5 Crabs 36 0.06-0.26
6 Catfish 280 0.16'
7 Other fish 54 0.223'
8 Scallops 270 0.05
9 Lobster 360 0.10-0.28

10 Clams 240 0.01-0.06

11 Cod 240 0.06-0.11

12 Oysters 350 0.01-0.07

13 Other shellfish 310 0.061°

14 Flatfish 15 0.092*

15 Unknown fish 53 0.223'

16 Pollock 260 0.02-0.06

17 Mussels 350 0.03-0.08

18 Trout 580 0.14-0.15'

19 Haddock 180 0.03-0.06

20 Crayfish 380 0.03

21 Perch 300 0.09-0.11°

22 Sardines 980 0.02-0.03

23 Swordfish 580 0.98-1.03

24 Bass (freshwater) 640 0.38'

25 Sea bass 490 0.14-0.22

26 Pike 140 031

27 Mackerel (except King) 1,790 0.09-0.220

King mackerel 401 0.73-1.06

28 Shark 220 0.75-0.99

29 Walleye 530 052'

30 Porgy 210 0.08

* Ranges in Hg concentrations represent variability in sample means across different harvesting regions.
' Data from Mahaffey et al,, 2004" and references therein.

* Data from USDA."

% Tuna canned In water, drained solids.

¥ Tuna canned in oll, drained solids.

** Raw.

' Cooked, dry heat.

Table 1.2: Levels of Hg and w3 fatty acids in commonly consumed fish in the United States

Reproduced from Mahaffey et al, Nutr Rev, 2011, with permission from John Wiley and Sons, Inc.
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1.4.1 Human Toxicity
1.4.1.1 Minamata

The most famous cases of widespread MeHg poisoning were due to industrial waste
spilled in Minamata Bay, Japan by a Chisso Corporation factory between 1953 and
1960. This was the first documented case of MeHg poisoning due to environmental
contamination of fish, and MeHg poisoning is still referred to today as Minamata
Disease (Harada, 1995). Common symptoms of adult poisoning included paresthesia
(numbing and tingling in the extremities), ataxia (uncoordinated gait), narrowing of the
visual field, slurred speech, and impaired hearing (Harada, 1995). It became apparent,
however, that infants exposed to MeHg in utero were more susceptible to MeHg toxicity
(Harada, 1978). Symptoms in infants, which were described as a form of cerebral palsy,
became apparent by six months of age and included symptoms similar to those
observed in adults, such as motor coordination deficits and slurred speech, but in more
severe cases, resulted in complete loss of motor control or paralysis, microcephaly, and
severe developmental deficits (Harada, 1978). Adult toxicity was associated with hair
levels above 50 ppm, and levels in the brain after autopsy ranged from 2.6 to 24.8 ppm

(Harada, 1995).

Upon autopsy, it was found that MeHg caused cell death focally in the adult brain,
particularly in the visual cortex, motor cortex, auditory cortex, and the granule cells of
the cerebellum, while in infants, the damage was more widespread, encompassing the
entire brain (Choi et al., 1978; Takeuchi & Eto, 1999). Decreased cerebral and

cerebellar volume, as well as decreased neuronal number and neuronal disorganization
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have been observed both clinically and in animal models of in utero MeHg exposure

(Choi et al., 1978; Kakita et al., 2002, 2003; Falluel-Morel et al., 2007).

1.4.1.2 Iraq

Bread made from grain contaminated with MeHg-containing fungicides caused
widespread MeHg poisoning in Iraq between 1971 and 1972 (Bakir et al., 1973; Amin-
Zaki et al., 1974; Clarkson et al., 1976). The contaminated grain was intended for use
as seed grain, and not for human consumption. Similarly to the findings in Minamata, in
adults, the most common symptoms were paresthesia, ataxia, narrowing of the visual
field, slurred speech, and impaired hearing (Bakir et al., 1973). Levels of MeHg in infant
and cord blood samples approached or exceeded levels 2-fold greater than maternal
levels, a finding that has been duplicated in multiple clinical studies (fig. 1.10) (Amin-
Zaki et al., 1974; Stern & Smith, 2003; Bjornberg et al., 2005). Common symptoms in
infants included blindness, loss of hearing, hyperactive reflexes, generalized paralysis,
and severe neurodevelopmental deficits (Amin-Zaki et al., 1974). Blood levels of at least
0.3 ppm were associated with symptoms of MeHg poisoning in the mothers, and it was
estimated that maternal hair levels above 10 ppm would be likely to result in MeHg

toxicity after birth (Amin-Zaki et al., 1974; Cox et al., 1989).

While these large scale human poisonings were instrumental in demonstrating the

dangers of MeHg poisoning, on a daily basis, we are exposed to far less MeHg. Other
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Figure 1.10: Ratios of cord blood Hg to maternal blood Hg from multiple clinical studies

Each bar represents the ratio of cord blood Hg: maternal blood Hg from a separate clinical study. First
authors from each study are indicated under each bar. Boxes represent the 25™ — 75" percentile,
internal lines represent the median, and T-bars represent the 5™ to 95 percentile. The aggregate cord
blood Hg: maternal blood Hg is 1.86.

Reproduced from Stern and Smith, 2003, with permission from Environmental Health Perspectives.
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populations have thus become more common models for chronic, low exposure to

MeHg, including those of the Faroe and Seychelles Islands.

1.4.1.3 Faroe Islands

The Faroe Islands are a self-governing archipelago of the Kingdom of Denmark. Having
a relatively homogenous population with a heavy reliance on the sea for food, the Faroe
Islands have been used as a model for the effects of chronic, low-level MeHg exposure
in children (Grandjean et al., 1997; Stern et al., 2004). Fish consumption, particularly
cod (0.07 ppm Hg), is the primary source of exposure to MeHg in the Faroe Islands,

although pilot whale (3.3 ppm Hg) is occasionally eaten as well (Grandjean et al., 1992).

The most comprehensive studies have followed a cohort of 1022 singleton births from
1986 — 1987 (Grandjean et al., 1992; Grandjean et al., 1997; Debes et al., 2006).
Following Hg measurements in cord blood (mean 22.9 ug/L) and maternal hair (mean
4.27 ppm), the children were assessed at 7 and 14 years of age for a variety of learning,
memory, motor coordination, and language parameters. At 7 years of age, higher
maternal hair concentrations were associated with subtle deficits in memory, language,
and motor coordination, measured by the California Verbal Learning Test, the Bender
Visual Motor Gestalt Test, the Boston Naming Test and Finger Tapping (Grandjean et
al., 1997). These associations were still present when data from children with mothers
with hair levels above 10 ppm were excluded, suggesting that subtle MeHg effects may

occur at lower exposures. At 14 years of age, these associations continued to be
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present, suggesting that in utero MeHg exposure may result in long-term effects on
cognition (Debes et al., 2006). Maternal fish consumption during pregnancy was
associated with a non-significant improvement with the tested outcomes, a finding which
has been echoed in multiple studies on MeHg-induced developmental abnormalities
(Oken et al., 2005; Strain et al., 2008; Davidson et al., 2011). In these studies, postnatal
Hg exposure, measured in hair, had little to no association with test performance,
suggesting that prenatal exposure to MeHg causes subtle but persistent neurological
deficits. The suggestion that increased maternal fish consumption may be protective is
an important potential complication in studies of MeHg neurodevelopmental toxicity,
discussed further in section 1.4.1.4. Recently it has also been reported in the Faroe
Islands population that MeHg exposure in adults is associated with greater
cardiovascular health risks, including increased blood pressure and thickness of the
interior arterial walls (Choi et al., 2009). Interestingly, increased cardiovascular risk has
also been observed in the Faroese children exposed in utero, indicated by decreased
heart rate variability and increased blood pressure (Sgrensen et al., 1999; Grandjean et

al., 2004).

1.4.1.4 Seychelles Islands

The Republic of Seychelles consists of an archipelago east of Africa in the Indian
Ocean. Like the Faroe Islands, seafood constitutes a large part of the residents’ diet,
although in the Seychelles this tends to consist of smaller fish species instead of whale

(van Wijngaarden et al., 2012).
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Unlike the studies of the Faroe Islands population, multiple studies in the Seychelles

Islands, where the mean MeHg levels in maternal hair are 6.8 ppm, have failed to find
consistent cognitive deficits associated with MeHg (Davidson et al., 1995; Myers et al.,
1997; Davidson et al., 2000; Davidson et al., 2011; Strain et al., 2012). In the past, the
study authors have argued that these results suggest that MeHg is not a public health

concern (Myers & Davidson, 1998).

It has been proposed that higher concentrations of nutrients such as w3 fatty acids in
the fish eaten by residents of the Seychelles Islands may be masking the detrimental
effects of MeHg, resulting in the discrepancy between conclusions drawn from the
Faroe Islands research and the Seychelles Islands research. Certainly the Faroe
Islands study and studies in the US have suggested that increased maternal fish
consumption during pregnancy may have a beneficial effect on cognitive outcomes in
infants, even as increased maternal MeHg levels have a detrimental effect (Oken et al.,
2005; Strain et al., 2008; Davidson et al., 2011). Consequently, the Seychelles
researchers have stratified the data to measure the effect of long chain polyunsaturated
fatty acids (LCPUFA) and maternal MeHg levels separately (Strain et al., 2008; Lynch
et al., 2011; Stokes-Riner et al., 2011). These studies suggest that prenatal exposure to
LCPUFA, particularly the w3 fatty acid docosahexaenoic acid (DHA), improves
performance according to the Psychomotor Development Index of the Bayley Scales of
Infant Development at 9 and 30 months of age, while increased exposure to MeHg
causes subtle deficits. However, at 5 years of age, language function measured by the

Preschool Language Scale-Revised Edition showed only a protective effect of LCPUFA
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without a decrease in score associated with increased MeHg exposure (Strain et al.,

2012).

However, another confounding factor that must be noted is that the Seychelles Islands
and Irag studies consistently rely on maternal hair MeHg levels to determine exposure,
whereas the Faroe Islands researchers noted that cord blood MeHg levels were a more
consistent predictor of neurobehavioural outcome than maternal hair levels (Grandjean
& Budtz-Jgrgensen, 2007, 2010). It has also been observed that the Faroe Islands
population is relatively homogenous, which would suggest a relative lack of genetic
diversity, potentially resulting in a particularly susceptible population. By learning more
about the mechanism of toxicity of MeHg, we may be able to determine whether there
are genetic components of risk that render the Faroe Islands population more

susceptible to MeHg than people in the Seychelles Islands.

1.4.1.5 Other populations

1.4.1.5.1 United States of America

Project VIVA is a longitudinal study in the US following various health parameters of
mothers and children. Although MeHg is not a primary focus of their work, they have
published two studies examining the correlation between maternal hair Hg levels, fish
consumption, and visual recognition memory in infants (Oken et al., 2005). In a test
designed to measure a 6-month old infant’s ability to distinguish a novel picture from a

familiar picture, the researchers determined that while a greater proportion of fish in the
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maternal diet was beneficial, higher maternal hair Hg levels were associated with lower
scores in the test. Average maternal hair Hg levels were 0.55 ppm, below the level
associated with the Reference Dose (RfD) established by the U.S. Environmental
Protection Agency (EPA), of 1.2 ppm (Rice et al., 2000). The researchers concluded
that the most benefit was incurred through diets high in fish, and suggested that the
best choices would be fish species high in w3 fatty acid levels, but also low in MeHg,
similar to the conclusions drawn by the researchers in the Seychelles and Faroe
Islands. As might be expected, small, oily fish species generally maximize the ratio of
beneficial fatty acids to MeHg levels (fig. 1.11) (Mahaffey et al., 2011). Further studies
in this cohort at three years of age still found that higher Hg levels were associated with
poorer scores on the Peabody Picture Vocabulary Test and the Wide Range
Assessment of Motor Visual Ability (Oken et al., 2008). Similarly to the results in the
Faroese population, a workshop organized by the EPA to assess the cardiovascular risk
associated with MeHg concluded that the current evidence supports further study into

the incidence of myocardial infarction after MeHg exposure (Roman et al., 2011).

These results are particularly important since there is consistent evidence that
subpopulations in North America achieve MeHg body burdens that exceed the RfD of
0.1 ug/kg/day (equivalent to approximately 1.2 ppm in hair and 3.5 — 5.8 ug/L in cord
blood) (Rice et al., 2000; Mahaffey, 2005). The RfD is an estimate of the upper
boundary of daily exposure that is unlikely to lead to significant health effects (EPA,
1993). A study of Japanese American and Korean American women of childbearing age

in Washington state found that the mean total mercury (THg) levels in the hair of the
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Japanese population (1.23 ppm) slightly exceeded the levels associated with the RfD,
while 10 — 20% of the Korean population exceeded these THg levels (mean: 0.61 ppm)
(Tsuchiya et al., 2008). Despite the similar frequency of fish consumption between the
populations, the Japanese population demonstrated a greater risk, emphasizing that,
even disregarding socioeconomic considerations, diverse cultural backgrounds can
influence diets, resulting in subpopulations that are at significant risk. Additionally
genetic differences in the level or activity of transporters and detoxifying enzymes could
alter absorption or excretion rates. It is of paramount importance, then, to carefully

design study populations to derive an accurate representation of risk.

1.4.1.5.2 Grassy Narrows

The most famous MeHg poisoning in Canada is attributed to waste runoff from the
Dryden Paper Company Ltd. in northern Ontario spilling into the Wabigoon-English
River system from 1962 to 1970 (Takeuchi et al., 1977). This river system is historically
important to the Ojibway tribe in the surrounding communities both for their diet as well
as their livelihood, including commercial fishing and acting as guides for sports
fishermen (Harada et al., 2011). Researchers from Minamata were asked to confirm
that Minamata disease was present in the community. Mean blood Hg levels were 70
Mg/L, more than 10-fold higher than the level associated with the EPA RfD, 5.8 ug/L,
and many of the classical symptoms of Minamata Disease were found, including
paresthesia, hearing impairment, visual disturbances, and ataxia (Takeuchi et al.,
1977). MeHg contamination was also found in the surrounding wildlife that depend on

the river system for their diet, with MeHg levels exceeding 16 ppm in some fish, and 96
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ppm in the livers of turkey vultures (Fimreite & Reynolds, 1973; Harada et al., 2011).
Levels exceeding 1 ppm are considered extremely high, and are generally only

observed in large, long-lived predatory fish (Table 1.2).

Although the contamination occurred over 40 years ago, MeHg levels in the fish,
including walleye with mean levels exceeding 0.5 ppm, remain elevated (Kinghorn et al.,
2007). Furthermore, follow-up studies by Dr. Harada in 2002 and 2010 found that
Minamata disease symptoms were still present in significant portions of the population
(Harada et al., 2005; Harada et al., 2011). By 2002, 43% of the previous study
population from 1975 had passed away, although the causes of death were not known
(Harada et al., 2005). Hypertension was also found in 37.5% of the study population in
2010, although the researchers noted that it was difficult to draw definitive conclusions
about likely causes, given the unfortunately poor access to medical care in the area

(Harada et al., 2011).

1.4.1.5.3 Spain

Studies in Spain of the total Hg in cord blood have indicated that approximately 60% of
developing infants may be currently exposed to levels of MeHg greater than the EPA
RfD of 0.1 pg/kg/day (Ortega-Garcia et al., 2009; Ramon et al., 2011). Higher Hg levels
in infant hair (mean 0.96 ppm) were associated with lower memory, verbal, and general
cognition scores according to the McCarthy Scales of Children’s Abilities (Freire et al.,

2010). In this study, contrary to the Seychelles Islands studies, higher fish consumption
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was also associated with lower general cognition scores, particularly for whitefish and
fried fish. These results, therefore, further reinforce that it may be of paramount
importance to consider the nutritional content of fish, particularly the LCPUFA, when

measuring the toxic effects of MeHg.

1.4.1.5.4 Gold Mining

A patrticularly alarming source of MeHg exposure is through small-scale gold mining.
Hg, when combined with a slurry of ore, forms an amalgam with gold that can then be
heated to isolate the gold. This results both in the release of Hg into the water and Hg
vapour into the air. It is estimated that worldwide, 1000 metric tonnes of Hg are released
each year, of which 650 metric tonnes are deposited in soil and waterways (Telmer &
Veiga, 2009). While there are emerging studies on the effects of this Hg exposure in the
surrounding populations and environment, it is often difficult to recruit participants,
particularly as these mining practices are often illicit (Bose-O'Reilly et al., 2010).
Furthermore, many of these studies report THg exposure only, and it can be difficult to
determine the relative exposures to different forms of Hg, since there is an increased
chance of Hg vapour exposure. This form of exposure is likely to continue, given the
incentive of the high price of gold, and the lack of access to safer refining methods
(Schmidt, 2012). In discussing the likelihood of MeHg-initiated neurodevelopmental
effects, therefore, it is necessary to remember that while populations in wealthier,
developed nations may be aware enough to begin limiting MeHg exposure, some of the

most vulnerable populations in the world remain at serious risk.
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1.4.2 Treatment

Historically, treatments for MeHg poisoning have included thiol resins and chelators,
which bind and inactivate MeHg, and hemodialysis, which removes it from the blood
(Clarkson et al., 1981; Lund et al., 1984). Chelation is less invasive and relatively well-
tolerated, so MeHg poisoning now is primarily treated through the use of chelators,
particularly dimercaptosuccinic acid (DMSA), dimercaptopropanesulfonate (DMPS), and
NAC (Koh et al., 2002; Madejczyk et al., 2007; Aremu et al., 2008; Bridges et al., 2009;
Zalups & Bridges, 2009; Falluel-Morel et al., 2012). These chelators have thiol groups
that readily bind to MeHg. Studies suggest that the MeHg-chelator complexes involving
NAC and DMPS are transported from the blood into the proximal tubule cells of the
kidney via the organic anion transporter-1 (OAT1), and then into the tubular fluid using
multidrug-resistance protein 2 (MRP2), hastening excretion (Koh et al., 2002;
Madejczyk et al., 2007; Zalups & Bridges, 2009). A similar role for MRP2 has been
found for excretion of MeHg-DMSA complexes (Zalups & Bridges, 2009). It also
appears that treatment with NAC may reduce fetal exposure to MeHg in rats and some
of its toxic effects in the developing hippocampus, including reduced DNA synthesis and

increased apoptosis (Aremu et al., 2008; Falluel-Morel et al., 2012).

1.4.2.1 MeHg Detoxification

The detoxification of MeHg by selenium, MT, and GSH is discussed in section 1.2.4.1.
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1.4.3 Pharmacokinetics

1.4.3.1 Absorption, distribution and excretion

MeHg is well-absorbed (>90%) both by oral and intraperitoneal routes (Clarkson, 1972;
Walsh, 1982), and is measurable in the liver, kidneys, red blood cells, hair, and brain
(Young et al., 2001). In trout, rodents, dolphins, and humans, upwards of 90% of the
MeHg in blood appears to be bound in red blood cells, primarily to hemoglobin and GSH
(Giblin & Massaro, 1975; Rabenstein et al., 1982; Yasutake et al., 1989; Berglund et al.,
2005; Pedrero Zayas et al., 2013). It is estimated that in humans the brain:blood Hg
ratio is 5:1, and that the blood:hair Hg ratio is 1:250, although there is a great deal of
interindividual variation (Castoldi et al., 2003; Chain, 2012). The half-life of MeHg in
humans has been estimated at approximately 45 — 70 days, versus 7-14 in mice and 20
in rats (Aberg et al., 1969; Clarkson et al., 1981; Ballatori et al., 1995; Smith & Farris,

1996; Sundberg et al., 1998).

MeHg is primarily excreted from the body in feces (Aberg et al., 1969; Ballatori et al.,
1995). The excretion of MeHg in the feces appears to be largely dependent on its
conjugation to GSH by GSTs (Schlawicke Engstrom et al., 2008; Lee et al., 2010). This
MeHg-GSH complex is transported into bile by MRP2, where it undergoes
enterohepatic circulaton until it is demethylated by body microflora and excreted in
feces as mercuric Hg (Ballatori et al., 1995). The slow demethylation of MeHg results in
inorganic mercury (IHg), which can stay in the body, particularly bound to selenide
compounds in the central nervous system, for years (Sasakura & Suzuki, 1998; Suzuki

et al., 1998).
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1.4.3.2 Transport

Studies in mice suggest that MeHg is far more efficient than IHg at crossing the blood-
brain barrier (BBB) and entering the brain (Sundberg et al., 1999). This may be due to
the fact that MeHg when complexed to L-cysteine appears to be an excellent substrate
for LAT1, one of 2 L-type large neutral amino acid transporters, presumably because
the complex mimics methionine (Hirayama, 1980; Kerper et al., 1992; Simmons-Willis et
al., 2002; Yin et al., 2008). A similar study in C. elegans suggests that functionally
homologous transporters to LAT1 are similarly responsible for MeHg transport in this
species (Caito et al., 2013). LAT1 does not appear to be expressed across all tissues,
as rat heart, lung, kidney, and liver have all been found to lack LAT1 mRNA (Boado et
al., 1999). As LAT1 is not present in the kidney and liver, which are the primary organs
for MeHg accumulation, other transporters are required. In the kidneys, this transport
appears to be mediated by the System B®* amino acid transporters and OAT1, while
the exact mechanism of transport into the liver remains unknown, although it likely
involves an amino acid or GSH-conjugate transporter, since uptake of MeHg into the
liver is increased with coadministration of cysteine or GSH (Table 1.3) (Bridges &
Zalups, 2010). Once in the brain, MeHg accumulates in the astrocytes and other glial
cells, likely via transportation by LAT1, and is demethylated to IHg over a period of

months in the adult monkey (Aschner et al., 1990; Charleston et al., 1995).

LAT1 also appears to transport MeHg across the placenta from the mother to the

developing fetus, and LAT-1 mRNA can be detected early in development, before
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Table 1.3: Mechanisms of MeHg transport in various organs and cells
Continued on next page

Adapted from Bridges and Zalups, 2010, with permission from Taylor & Francis.
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(maternal) membrane [present peptides, and/or DMPS

and DMSA
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implantation (Kajiwara et al., 1996; Chrostowski et al., 2009). Furthermore, MeHg
appears to be preferentially transported across the placenta to the fetus, with umbilical
cord and infant blood levels at birth sometimes reaching more than twice the levels in
maternal blood (fig. 1.10) (Stern & Smith, 2003; Bjornberg et al., 2005). The increased
levels of MeHg in the fetus relative to the mother may partially account for the increased
sensitivity of the developing fetus. The levels of MeHg appear to drop in breast-fed
infants over the first 13 weeks of age, suggesting that exposure through breast milk is
less than that in utero (Bjérnberg et al., 2005). This decrease in MeHg levels in the
offspring after birth and before weaning is also observed in rats (Newland & Reile,
1999). Co-exposure to PCBs, however, may increase transfer of MeHg to the
breastfeeding infant, possibly through the elevation of maternal serum albumin levels, to

which MeHg appears to be bound when it travels into the breast milk (Lee et al., 2009).

1.4.4 Possible Mechanisms of Toxicity

1.4.4.1 Excitotoxicity

MeHg is known to disrupt glutamate homeostasis in the brain (fig. 1.12). MeHg
accumulates in astrocytes in the brain, likely as a substrate for LAT-1 when it is
complexed to cysteine, and can inhibit the reuptake of glutamate, as well as the
metabolism of glutamate into glutamine by decreasing the activity of glutamine
synthetase (Garman et al., 1975; Aschner et al., 1990; Farina et al., 2003; Kwon & Park,
2003; Mutkus et al., 2005). MeHg appears to inhibit astrocytic glutamate uptake by the
glutamate/aspartate transporter (GLAST) (Allen et al., 2001; Mutkus et al., 2005). While

GLAST protein expression is increased after MeHg exposure, activity is decreased,
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Reprinted and modified from Life Sciences, Vol. 83, Farina et al. Mechanisms of methylmercury-induced

neurotoxicity: Evidence from experimental studies, pp. 555 — 563, © 2011, with permission from
Elsevier.

69



70

suggesting that MeHg can directly inactivate the protein, or cause posttranslational
modifications that inactivate the protein or internalize it, rendering it incapable of
transporting glutamate (Mutkus et al., 2005). Primary cortical neuron cultures from 1-
day old rats exposed to 4 mg/kg MeHg in utero were susceptible to increased toxicity
after incubation with glutamate, further suggesting that glutamate can modulate MeHg

toxicity (Ferraro et al., 2009).

Increased NMDA receptor activation by glutamate results in intracellular influx of Ca**,
leading to excitotoxicity (Ramanathan & Atchison, 2011). Oxidative stress is an
important component of excitotoxicity, discussed in section 1.4.4.4, although it is not the
only excitotoxic mechanism (review: Lau & Tymianski, 2010). The influx of Ca®* into the
neuron may also trigger apoptosis by mitochondrial activation of caspases and by the
release of the apoptosis-inducing factor (AIF) by the Ca?*-dependent activation of
calpains (Polster et al., 2005). NOS, particularly neuronal NOS (nNOS) are also
induced by Ca®" influx (Sattler et al., 1999). The production of NO may overactivate the
DNA repair enzyme PARP1, which can also cause AIF to be released (Zhang et al.,
1994; Yu et al., 2002). Furthermore, NO may cause cell death by the S-nitrosylation of
GAPDH, which causes it to bind to the ubiquitin ligase Siahl, resulting in nuclear
translocation and activation of nuclear proteins including the proapoptotic p53 (Hara et
al., 2005). It has also been suggested that the nitrosylation of GAPDH, which is crucial
for glycolysis, may result in a toxic loss of cellular respiration, a particularly dangerous
outcome for such a sensitive system as the brain (Molina y Vedia et al., 1992). In

addition to these mechanisms, NO can form peroxynitrite with superoxide, which can
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bind to proteins, lipid, and DNA (Radi et al., 1991a, b). Zinc has also been implicated in
excitotoxicity (Nutini et al., 2011). Zinc influx into the neuron during excitotoxicity
appears to be ROS-dependent, but it can itself inhibit both glycolysis and the citric acid
cycle, as well as further initiate ROS production by disrupting the mitochondrial electron
transport chain and stimulating NADPH oxidase activity, resulting in increased O,"" and
H,0, production (Sensi et al., 1999a; Sensi et al., 1999b; Brown et al., 2000; Noh &

Koh, 2000; Sheline et al., 2000; Dineley et al., 2008; Nutini et al., 2011).

It also appears that excitotoxicity may be a potential mechanism of IHg toxicity, as in
vitro studies have shown that co-exposure to subtoxic levels of glutamate and mercuric

chloride can be toxic in cerebellar cultures (Matyja & Albrecht, 1993).

1.4.4.2 Thiol binding

Thiol groups, whether in proteins or other molecules, readily bind to MeHg (Hughes,
1957). This particular mechanism may be closely related with disruptions in signal
transduction. The redox states of many proteins dictate their activity, as described in
section 1.2.3. One such protein, thioredoxin (TRX), may be of particular interest, as it
can be bound and inactivated by MeHg. When its thiol groups are oxidized, TRX
releases the enzyme apoptosis signal-regulating kinase 1 (ASK1), which can then
initiate apoptosis (Saitoh et al., 1998). The binding of MeHg to TRX thiol groups may
also cause it to dissociate from ASK1, eventually resulting in apoptosis (Usuki et al.,

2011). Similarly, MeHg appears to induce expression of genes generally associated



72

with Notch signaling by binding to thiols in related proteins (Rand et al., 2008). In
addition to potentially causing protein dysfunction, MeHg binding to thiols can result in
the depletion of thiols and important antioxidant molecules, including GSH, resulting in

increased susceptibility to oxidative stress.

1.4.4.3 Signal Transduction

Neuronal disorganization and increased astrocyte number have been observed in fetal
autopsies after MeHg poisoning (Choi et al., 1978; Peckham & Choi, 1988), as well as
in rodent models (Zimmer et al., 2012; Guo et al., 2013). Disruption of signal
transduction cascades at critical developmental junctures may contribute to this
disorganization (review: Usuki & Fujimura, 2012). At doses lower than the one |
employed, neuronal migration appears to be impaired without any effect on proliferation
or apoptosis (Guo et al., 2013). A decrease in expression of the proteins Racl and
Cdc42, which stimulate dendrite and axon extension, and RhoA, which stimulates
dendrite and axon retraction, may be implicated (Fujimura et al., 2009). Studies in
cortical progenitor cell cultures have also shown that MeHg may be capable of inducing
astrocytic differentiation, possibly via the JAK/STAT signaling pathway (Kakita et al.,
2003; Jebbett et al., 2013). MeHg has also been shown to increase Notch signalling and
activation of downstream Notch-targeted genes in Drosophila, resulting in decreased
axonal growth (Bland & Rand, 2006; Engel et al., 2012). In rat neural stem cells, this
activation appears to inhibit neuronal differentiation (Tamm et al., 2008). Inhibition of the

selenium-dependent antioxidative enzyme TRX reductase 1 by MeHg can lead to the
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dissociation of oxidized TRX from ASK1, stimulating the JNK and p38 pathways, which

can result in apoptosis (Usuki et al., 2011).

1.4.4.4 Oxidative Stress

One important consideration is that each of the previous mechanisms can contribute to
oxidative stress through the generation of ROS, or alternatively can be precipitated by
oxidative stress. Increased mitochondrial activity during excitotoxicity can result in the
generation of ROS through leakage in the electron transport chain, particularly from
Complex | and Complex I (fig. 1.3) (Balaban et al., 2005). Increased Ca?* influx can
also result in increased phospholipase A activity, which can indirectly generate
superoxide through the formation of arachidonic acid; increased production of NO
through the activation of NOS; and increased production of O," by the activation of
NADPH oxidase (fig. 1.13) (Sattler et al., 1999; Shanker et al., 2002; Demaurex &
Scorrano, 2009; Sun et al., 2010). As discussed in sections 1.2.3 and 1.4.4.3, oxidation
of proteins in signal transduction pathways can alter their activity, potentially initiating
apoptosis in the case of TRX. Similarly, the binding of MeHg to thiols in antioxidant
molecules can disrupt protein function, potentially resulting in increased susceptibility to

ROS.

In addition to causing increased ROS levels in neurons by disrupting astrocytic
glutamate homeostasis, there is also evidence that MeHg causes oxidative stress in

astrocyte cultures, and results obtained with the mitochondria-specific fluorescent probe



Figure 1.13: Formation of ROS induced by Ca?* influx from NMDA receptor activation
Abbreviations: NMDAR, NMDA receptor; nNOS, neuronal nitric oxide synthase; NO, nitric oxide, NOX,
MADPH oxidase; PLA, phospholipase A; ROS, reactive oxygen species
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CM-H2-XRos suggest that mitochondria are a major source of ROS after MeHg
exposure (Shanker et al., 2004a). ROS in astrocytes can reduce the uptake of
glutamate, possibly by oxidizing glutamate transporters and decreasing their activity,
which can in turn result in excitotoxicity due to the increase in extracellular glutamate
levels (Volterra et al., 1994a; Volterra et al., 1994b). However, MeHg is also capable of
increasing arachidonic acid levels in primary hippocampal neuron cultures, apparently
through the increase in cytosolic phospholipase A2 protein expression (Shanker et al.,
2004b). This can increase ROS levels in the neuron due to the metabolism of

arachidonic acid by prostaglandin H synthase (Wells et al., 2005).

MeHg can also reduce the activity of a number of antioxidative enzymes in the fetal
brain, including GSH-Px and TRX reductase (Watanabe et al., 1999; Farina et al., 2003;
Grotto et al., 2009; Usuki et al., 2011). The reduction of activity in these enzymes may
be in large part due to the sequestration of selenium by MeHg (Grotto et al., 2009). This
irreversible inactivation of these protective enzymes due to the binding of MeHg to
selenium in the active sites can render the cell more susceptible to ROS and oxidative

stress.

In vivo exposure to antioxidants, previously discussed in section 1.2.4.1 has also been
shown to decrease MeHg-initiated neurotoxicity, further suggesting that oxidative stress

is an important component of the mechanism of toxicity.
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Previously in our laboratory, it has been demonstrated that oggl -/- cells are more
susceptible to MeHg, implicating DNA oxidation in the in vitro mechanism of toxicity for
the first time (Ondovcik et al., 2012). Furthermore, overexpression of OGG1 in vitro can
also result in increased susceptibility to MeHg (Ondovcik et al., 2013a). As the number
of abasic sites is increased in these cells, it appears that the increased activity of OGG1
after oxidative DNA damage due to MeHg exposure cannot adequately be
compensated for by other downstream enzymes in the DNA repair pathway, resulting in
increased cytotoxicity. This possibility is supported by previous studies demonstrating
that overexpression of OGGL1 results in decreased cell survival in response to H,O, but

also decreased 8-0xoG levels (Furtado et al., 2012).
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1.5 The Hippocampus

1.5.1 Structure and Development

The hippocampus (fig. 1.14) is a region of the medial temporal lobe that is crucial for
learning and memory. The hippocampal formation consists of the CA1 and CA3 regions
in the cornu ammonis, the dentate gyrus, and the subiculum, while the parahippocampal
region encompasses the presubiculum, parasubiculum, entorhinal cortex, perirhinal
cortex, and postrhinal cortex (fig. 1.15) (van Strien et al., 2009). Communication in the
hippocampus appears to be relatively unidirectional, beginning in the entorhinal cortex,
which projects to all the regions of the hippocampal formation (Amaral & Lavenex,
2007). The axons, referred to as mossy fibres, of the granule cells in the dentate gyrus
project to the pyramidal neurons in the CA3, which project to the pyramidal neurons in
the CAL, which in turn project to the subiculum and entorhinal cortex (Amaral &

Lavenex, 2007).

In the mouse, the pyramidal cells of the CA1 and CA3 begin forming on gestational day
(GD) 10.5, with the peak of proliferation of hippocampal cells occurring around GD 15
(Angevine, 1965). Cells continue forming and migrating to the CA1 and CA3 regions
until birth, and until approximately 20 days postpartum for the dentate gyrus (Angevine,
1965). In the rat, pyramidal cells begin forming on GD 16, with the peak of CA1 and
CAZ3 cell formation between GD 17 — 19, ending at birth (Bayer, 1980). The granule
cells of the dentate gyrus begin forming on GD 17, and continue forming into adulthood,
although up to 90% of the granule cell population is formed by postnatal day 18 (Bayer,

1980). In humans, the CA1 and CA3 regions can be distinguished by the 16™ embryonic
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Fig. 1.14: Anatomy of the mouse hippocampus and amygdala

Adapted by permission from MacMillan Publishers Ltd: Nature Reviews Drug Discovery, Cryan and
Andrews, © 2005.
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Fig. 1.15: Anatomy of the rodent hippocampal formation and parahippocampal region
Abbreviations: CA1, Cornu Ammonis 1; CA3, Cornu Ammonis 3; DG, dentate gyrus; EC, entorhinal
cortex; HF, hippocampal formation; LS, lateral septum; MS, medial septum; S, subiculum

Adapted from Ohara et al. 2009, with permission from Frontiers Research Foundation.
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week, while the dentate gyrus appears to begin forming at the 13™ week, with major
formation continuing to the 33™ — 34™ weeks, and into adulthood (Arnold & Trojanowski,

1996).

1.5.2 Glutamate and Glutamatergic Neurons

The amino acid glutamate is considered the main excitatory neurotransmitter, although
it can also be metabolized to the inhibitory neurotransmitter y-aminobutyric acid (GABA)
by glutamate decarboxylases (GAD) (fig. 1.16) (Shetty & Turner, 1998). As it is largely
unable to cross the BBB, glutamate must be synthesized in the brain (Smith et al., 1987,
review: Smith, 2000). The lack of glutamate transport into the brain is believed to be a
protective measure to prevent excess amounts of glutamate in the extracellular fluid,
which could result in excitotoxic insult (Hawkins, 2009). Glutamate can be synthesized
via a number of different pathways. Other amino acids are transported into the brain,
and can, along with a-ketoglutarate, derived from glucose metabolism, be used to form
glutamate through the actions of branched-chain amino acid transferase in the
mitochondria of astrocytes and cytoplasm of neurons, and aspartate aminotransferase
in neurons (Kugler, 1987; Mason et al., 1995; Daikhin & Yudkoff, 2000; Garcia-
Espinosa et al., 2007). Glutamate dehydrogenase converts glutamate to a-ketoglutarate
and ammonia, and also catalyzes the opposite reaction in both astrocytes and neurons
(fig. 1.17) (Kugler & Schleyer, 2004; Zaganas et al., 2012). Glutamate can also be
recycled in the brain; it is transported into astrocytes and other glial cells by transporters
including GLAST and GLT-1 and metabolized to glutamine by glutamine synthetase

(fig. 1.16) (Rothstein et al., 1994; Daikhin & Yudkoff, 2000).
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When glutamine is released by glial cells and uptaken by glutamatergic neurons, it can
be used in the resynthesis of glutamate by glutaminases (fig. 1.16) (Daikhin & Yudkoff,
2000). This cycle allows glutamate to be preserved in the brain without the risk of

elevated glutamate in the extracellular space, which could cause excitotoxicity.

While glutamate can be released into the synapse by excitation of a presynaptic
glutamatergic neuron, it can also be released from astrocytes. The release of glutamate
from astrocytes can enhance the magnitude of the post-synaptic response, referred to
as synaptic strength (Jourdain et al., 2007). Increases in intra-astrocytic Ca** levels can
also stimulate the release of glutamate (Parpura & Haydon, 2000). As discussed in
sections 1.4.4.1 and 1.4.4.4, this astrocytic release of glutamate is believed to

contribute to the mechanism of toxicity of MeHg.

Glutamate has a number of different receptors, both fast-acting ionotropic (N-methyl-D-
aspartate (NMDA), kainic acid, and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA)) and slow-acting metabotropic (review: Lau & Tymianski, 2010). NMDA
receptors are transmembrane heterotetramers, consisting of NR1, NR2, and NR3
subunits. When glutamate is bound to NR2 and glycine is bound to NR1, and the
neuronal membrane is depolarized to -50 mV, possibly by the activation of AMPA
receptor by glutamate, the Mg?* blocking the receptor pore is released, allowing the
influx of Ca®* and Na* and the efflux of K* . This influx of Ca** allows for the activation of

Ca?*-dependent enzymes. While these enzymes do not contribute to fast excitatory
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postsynaptic potentials, they are essential for long-term potentiation (LTP), whereby
presynaptic and postsynaptic modifications result in long-lasting enhancement of the
postsynaptic response for a given input (review: Bliss & Collingridge, 2013). LTP
contributes to learning and memory when the enhancement of the postsynaptic
response occurs in a neural circuit that is associated with a specific learning paradigm,
or context. However, the induction of Ca**-dependent enzymes, including
phospholipase A2, NADPH oxidase, and NOS, can contribute to excitotoxicity by
increasing the formation of ROS and reactive nitrogen species in the neuron (Sattler et
al., 1999; Demaurex & Scorrano, 2009; Sun et al., 2010). Ca** also increases
mitochondrial respiration, which results in greater ATP production and also ROS

formation (Balaban et al., 2005).

Glutamatergic neurons in the hippocampus are essential for learning and memory.
Intraperitoneal injections of NMDA receptor antagonists prior to passive avoidance
training results in impaired learning (Venable & Kelly, 1990). Administration of the
NMDA receptor antagonist MK-801 in both mice and rats before passive avoidance
training, but not between training and retention trials, induced deficits, suggesting that
glutamate and NMDA receptors are primarily required for passive avoidance learning
(Venable & Kelly, 1990). A Cre/loxP conditional NMDA receptor subunit 1 knockout
mouse model, where CA1 pyramidal neurons were selectively targeted, require more

time to find a submerged platform in the Morris water maze (Tsien et al., 1996).
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Additional neurotransmitters that contribute to learning and memory include
acetylcholine, dopamine, serotonin, and noradrenaline. Cholinergic neurons project to
the hippocampus primarily from the medial septum and diagonal band of Broca,
although there are some cholinergic neurons within the hippocampus, as well (Osten et
al., 2007). Dopaminergic neurons project to the hippocampus from the substantia nigra,
and ventral tegmental area (Herlenius & Lagercrantz, 2004); serotonergic neurons
project to the hippocampus primarily from the median raphe nucleus (Azmitia, 1981;
Ohmura et al., 2010); and noradrenergic inputs arise primarily from the locus coeruleus

(Osten et al., 2007).

1.5.3 Learning and Memory

Whether the hippocampus is primarily involved in learning and short-term memory, as
opposed to long-term consolidation of memory, has been often debated. According to
the consolidation theory, the hippocampus is primarily involved in forming memories,
communicating with the neocortex to store long-term memories there, eventually playing
no role in long-term memory (Squire et al., 2004). New memories are initially associated
with neural circuitry contained within the hippocampus. Over time, the hippocampus
connects neural circuits in the neocortex, which are associated with a specific part of
the memory, at which point the circuitry within the hippocampus is extinguished
(McClelland et al., 1995). This theory is supported by subjects with hippocampal
lesions, including patient HM, who developed anterograde amnesia and temporally
graded retrograde amnesia, suggesting that the hippocampus stores recent memories,

in addition to forming new ones (Scoville and Milner, 1957). However, the hippocampus
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also appears to be necessary for the retrieval of some older memories, resulting in the
multiple trace theory, which suggests that the hippocampus and neocortex are both
involved in long-term memory, and that communication between the two regions is
essential for proper recall (Nadel et al., 2000; Moscovitch et al., 2005). Furthermore,
according to this theory, previously formed knowledge that is encoded in the cortex can

inform learning and memory driven by the hippocampus.

However, the novel object recognition and passive avoidance tests | performed in my
studies involved learning and memory over only 1 — 24 hr, so the differences between
these two theories of long-term memory formation and recall are not likely to be relevant
to my work. Novel object recognition measures an animal’s capacity to distinguish a
novel object from a familiar object. Hippocampal lesions result in maximal novel object
recognition impairment (Clark et al., 2000). Multiple studies have suggested that this
form of recognition memory is relatively robust compared to spatial memory, and
resistant to mild forms of traumatic brain injury and hippocampal lesioning (Broadbent et
al., 2004; Zhao et al., 2012). Rats exposed to a single dose of 8 mg/kg MeHg in utero
have impaired novel object recognition, as well as increased NR-2B subunit expression

in the hippocampus, though not the cortex (Baraldi et al., 2002).

Passive avoidance testing determines whether animals can learn to associate certain
environments with a negative stimulus, such as a mild foot shock, and therefore learn to

avoid the stimulus. In the initial acquisition trial, animals are placed in a testing arena
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consisting of two chambers. Upon entering a designated chamber, the animals are
given a mild foot shock. In subsequent testing trials, the time that elapses before the
animal re-enters the chamber where the shock was administered is designated the
step-through latency, and is used as a measure of the animal’s capacity to learn to
avoid the foot shock. This learning is dependent on not only the hippocampus, but also
the amygdala and cerebral cortex (Fukuchi et al., 1987; Dunn & Everitt, 1988; Huang et
al., 2013). Hippocampal lesions impair passive avoidance learning (Best & Orr, 1973).
Passive avoidance learning appears to be more sensitive to traumatic brain injury than
novel object recognition, and therefore may be a more sensitive test to determine subtle
genotype and xenobiotic effects (Zhao et al., 2012). Although CA1 and CA3 injury both
compromise novel object recognition and passive avoidance performance, injury to the
dentate gyrus appears to compromise passive avoidance impairment more than novel

object recognition (Zhao et al., 2012).

One often overlooked aspect of the passive avoidance test is that, in addition to
performance deficits reflecting impaired cognition, a loss of somatosensory function
may result in the appearance of a cognitive deficit when no actual deficit is present. This
may occur if, as can happen with MeHg poisoning, there is a loss of sensation in the
foot. Two possible methods of ascertaining that somatosensory function is normal,
beyond observing a physical reaction to the foot shock, are the hot plate test and the
use of von Frey filaments. In the hot plate test, animals are placed on a plate that either
maintains a constant temperature, or one that is gradually heated until a nociceptive

response is elicited, such as licking or shaking of the animal’s hind paws (Eddy et al.
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1950). von Frey filaments are calibrated to bend after they have exerted a specific
amount of force. These filaments are pressed against the rear surface of the animal’s
foot, and the smallest filament that elicits a lifting or licking response is considered the
touch threshold, allowing researchers to quantify somatosensory response. As neither
of these tests uses an electric current to elicit a response, it is possible that there are
minor differences between the responses to these tests and the response in the passive
avoidance test. However, they do provide a more quantitative measure of
somatosensory function, and in combination with the reaction of the animals in the
passive avoidance test, can help determine whether there are any somatosensory

alterations that can confound passive avoidance results.

1.5.4 Related Brain Regions

Communication between the hippocampus and cerebral cortex is essential for learning
and memory. Three month-old offspring from rat dams exposed to 8 mg/kg MeHg by
gavage, but not 4 mg/kg MeHg, were found to have impaired passive avoidance
learning, without any changes in sensitivity measured by the hot plate test (Ferraro et
al., 2009). Furthermore, cells from primary cortical neuron cultures from 1-day old rats
exposed to the high dose of MeHg were also less viable and had a greater amount of
nuclear condensation, suggesting apoptosis, than either controls or cultures from rats
exposed to low-dose MeHg. While these results implicate the cortex in the MeHg effect
on passive avoidance learning, cultures from the hippocampus and amygdala were not

studied and may have been more important than the cortex for this MeHg effect.
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The septal nuclei act as relays between multiple brain regions, including the
hippocampus. The hippocampus projects to the ventral tegmental area via the lateral
septal nucleus (Luo et al., 2011). The medial septal nucleus receives inputs from the
hypothalamus, the raphe nuclei, and the locus coeruleus (Bland et al., 1994; McKenna
& Vertes, 2001) and projects cholinergic and GABAergic neurons to the CAl and the
dentate gyrus (Amaral & Lavenex, 2007). Lesions of the medial septal nucleus can
result in impaired learning and memory in a number of maze tasks, as well as a slight
impairment in passive avoidance performance (KAADA et al., 1962; Miyamoto et al.,
1987). Injection of the neuropeptide Substance P, which is commonly associated with
nociception but also increases learning, into the medial septal area immediately after
the acquisition trial in the passive avoidance test improves learning (Staubli & Huston,
1980; Hasenohrl et al., 2000). Cholinergic neuron loss in the medial septal area of rats
does not appear to disrupt novel object recognition, although object location memory is

impaired (Cai et al., 2012).

The amygdala (fig. 1.14) in the medial temporal lobe is crucial for fear-based learning.
Neural activity is increased in the amygdala during the acquisition phase of passive
avoidance (Huang et al., 2013). Similarly to the medial septal area, injection of
Substance P into the amygdala can improve passive avoidance learning, and can also
improve long-term retention (Kertes et al., 2009). Lesions of the amygdala, either
induced surgically or by injections of the excitotoxin ibotenic acid, prior to passive
avoidance testing results in impaired learning or retention (Russo et al., 1976; Dunn &

Everitt, 1988).
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Section 2: Methods
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2.1 Chemicals

Methylmercury (1) chloride and PBN were purchased from Sigma-Aldrich Canada Co.
(Oakville, Ontario). For the DNA oxidation study, 8-hydroxy-2’-deoxyguanosine was
obtained from Cayman Chemical Co. (Ann Arbor, Michigan), 2’-deoxyguanosine, 2’-
deoxythymidine and Nuclease P1 were purchased from Sigma-Aldrich Canada Co. Calf
intestinal alkaline phosphatase was purchased from Invitrogen (Burlington, Ontario),
Proteinase K from BioShop (Burlington, Ontario), and HPLC-grade methanol from

MedStore (University of Toronto).

2.2 Mice

For the MeHg and PBN studies, virgin 6 week-old CD-1 animals (Charles River Canada,
Sherbrooke, Quebec) were acclimatized for 1 week before breeding. Oggl -/- mice
were generously donated by Dr. Thomas Lindahl (Cancer Research UK, London, UK)
via Dr. Christi A. Walter (University of Texas Health Science Center at San Antonio, San
Antonio, TX) and maintained in a colony by +/- x +/- breeding pairs. Mice were housed
in plastic cages on HEPA filter racks with corncob bedding and ad libitum access to
water and food (2018 Teklad Global 18% Protein Rodent Diet, Harlan, Mississauga,
Ontario) on a 12 hour light/dark cycle. Up to three CD-1 females were time-mated with
one male overnight, or two oggl +/- females with one +/- male overnight, with the
presence of a vaginal plug the next morning designating GD 1. The use of +/- X +/-
matings for the oggl behavioural studies resulted in a much higher number of +/-
offspring, compared to the number of +/+ and -/- offspring, approximating the expected

Mendelian ratio of 1:2:1. For the immunohistochemical studies, wild-type oggl females
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were time-mated overnight with wild-type oggl males and knockout oggl females with
knockout oggl males. Pregnant females were housed separately and on GD 17 were
injected intraperitoneally (i.p.) with 4 mg/kg MeHg or an equivalent volume of
phosphate-buffered saline (PBS) vehicle. Selected CD-1 dams were pretreated with
PBN (45 mg/kg i.p.) or its saline vehicle 2 hours prior to MeHg. Litter and offspring
deaths for each treatment are summarized in Table 2.1. All animal studies were
approved by the University of Toronto Animal Care Committee in accordance with the

standards of the Canadian Council on Animal Care.

2.3 Genotyping of ogg7 mice

DNA was isolated from adult ear punches or fetal tail clips using a crude NaOH/EDTA
extraction. Primers used to amplify the oggl gene band (500 bp) were oggl-sense (5'-
ACTGCATCTGCTTAATGGCC-3') and oggl-antisense (5'-
CGAAGGTCAGCACTGAACAG-3'). Primers used to amplify the knockout gene (300
bp) were neo-sense (5'-CTGAATGAACTGCAGGACGA-3') and neo-antisense (5'-
CTCTTCGTCCAGATCATCCT-3'). The samples were run in a thermal coupler
(Eppendorf Mastercycler Gradient; Eppendorf Scientific, Mississauga, ON) using the
following conditions: 94° C for 1 minute; followed by 94° C for 1 minute, 58° C for 1.5
minutes, and 72° C for 2 minutes for 30 cycles; followed by 94°C for 10 minutes. PCR
samples were run on a 1.5% agarose gel made with 1x Tris-HCl-acetic acid-EDTA and
ethidium bromide. The gel was run at 120 V for 45 minutes and viewed and

photographed under UV light.
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Offspring deaths after weaning

Number of offspring tested
Litters Before object recognition Before passive avoidance
Treat t ———
reatmen cannibalized {6 wk) {4 mth)
Number Cause of Number Cause of ?hJECIl]Hio“ ::Didanue
[offspring) death (offspring) death - E —
CD-1 litters
Vehicle 2 0 - 7 Drowning 32 18
Euthanized
MeHg 3 1 due to severe | O - 31 35
dermatitis
PBN. - o o - ] - 26 48
vehicle
Euthanized
PBN + MeHz | 1 ) - 1 due to 24 a6
Severe
dermatitis
agg1 litters:
Wehicle 0 1 Drowning 1 Found dead | 47 a6
Euthanized
due t
MeHg 2 0 - 1 He e 67 56
SEVEre
dermatitis

Table 2.1: Litter characteristics and offspring death
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2.4 DNA oxidation

The dams from the studies with MeHg and PBN, as well as those with MeHg and ogg1l
mice, were sacrificed 6 hours after MeHg or PBS exposure and fetal brains were
collected, flash frozen in liquid nitrogen and stored at -80° C until analysis. The 6 hour
time point was based on a previous study measuring 8-oxodGuo formation in fetal
brains 2, 6, and 12 hours after MeHg exposure, which suggested that 6 hr after MeHg
exposure would represent the peak of 8-oxodGuo formation in the fetal brain (Appendix
1, fig. A1.1). All fetal brains from the CD-1 litters were collected and 2 — 3 brains from
each litter were randomly selected for analysis. All fetal brains were collected from the
0ggl litters, and after genotyping, all +/+ and -/- brains from each litter were analyzed.
Production of the oxidative DNA lesion 8-oxodGuo was quantified using HPLC with
tandem mass spectrometry (MS) standardized to 2’-deoxyguanosine (dGuo) measured
by HPLC-UV. DNA extraction was based on a method by (Ravanat et al., 2002)
designed to minimize artefactual 8-oxodGuo production. Briefly, fetal brains were
homogenized in 1 mL of lysis buffer (320 mM sucrose, 5 mM MgCl,, 10 mM Tris-HCI,
0.1 mM desferoxamine, 1% Triton X-100, pH 7.5) and centrifuged at 1,000 x g for 10
minutes. After this step was repeated, the pellets were homogenized in 200 uL of
enzyme reaction solution (1% w/v SDS, 5 mM EDTA-Na,, 0.15 mM desferoxamine, 10
mM Tris-HCI, pH 8.0) and incubated at 50° C for 1 hour with RNAse A and T, and
subsequently with Proteinase K. DNA was precipitated using a sodium iodide solution
(7.6 M Nal, 40 mM Tris-HCI, 20 mM EDTA-Na,, 0.3 mM desferoxamine, pH 8.0) and
isopropyl alcohol. The DNA pellets were resolubilized in 20 mM sodium acetate, pH 5.2.
A 100 pg aliquot of DNA was digested to deoxynucleotides by incubation with nuclease

P1 for 1 hour at 37° C, and subsequently to deoxynucleosides with calf intestinal
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alkaline phosphatase. To quantify dGuo content, the samples were quantified using an
binary Series 200 HPLC system (PerkinElmer Instruments) with UV detection (280 um)
equipped with a 5 ym Supelcosil LC-18-T column (25 cm x 4.6 mm, Sigma Aldrich).
Samples were filtered (0.22 ym) and eluted using a mobile phase of 92.5% NaPQO,4, pH
5.5 buffer and 7.5% methanol at a flow rate of 0.8 mL/min. The chromatographs were
analyzed using the TotalChrom chromatography software version 6.2.0 (PerkinElmer
Instruments). To measure 8-oxodGuo, samples were run using an Agilent 1100 series
HPLC (Mississauga, ON) with an AB Sciex AP14000 QTRAP triple quadrupole mass
spectrometer under the control of ANALYST® software (AB Sciex, Concord, ON).
Samples were passed through a Gemini® NX-C18 column (100 x 4.6 mm, 3 um pore,
Phenomenex, Torrance, CA, USA) on a water.methanol gradient with a flow rate of 0.6
mL/min for 9.5 min. The multiple reaction monitoring (MRM) transition used to quantify
8-oxodGuo was m/z 284.0->168.0 in the positive ion selection mode to capture the
parent compound (Q1), 8-oxodGuo, and the product ion (Q3), 8-ox0-2’-deoxyguanine.
Data from both runs were combined and expressed as fmol 8-oxodGuo per ug dG. In
previous time course studies of DNA oxidation in CD-1 mice, dams were injected with O,
4, or 8 mg/kg MeHg, and fetal brains were collected for analysis at 2, 6, and 12 hours
after MeHg exposure (Appendix 1, fig. A1.1). In this study, 8-oxodGuo was measured
by HPLC-EC using a Series 200 HPLC system (PerkinElmer Instruments) equipped
with a 5 ym Supelcosil LC-18-T column (25 cm x 4.6 mm, Sigma Aldrich), an
electrochemical detector (Coulochem II) with a guard cell (100 mV) and an analytical
cell (400 mV) (Coulochem, ESA Inc., Chelmsford, MA). The 8 mg/kg dose was later
discarded because of maternal toxicity. Reported values are given for the nucleosides

(8-oxodGuo and dGuo).
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2.5 Obiject recognition test

The dams were allowed to deliver spontaneously and the pups were weaned at 3 weeks
of age. The offspring were tested in the object recognition test at 6 weeks of age. Al
animal cages were randomized prior to testing. Cage identifiers were covered and
cages were assigned random letter and number identifiers. The custom made testing
arena consisted of an opaque 40 x 40 x 40 cm chamber with an open top and a camera
positioned above the chamber (fig. 2.1). The animals were habituated in the testing
room for 1 hour prior to each trial, and were habituated to the testing chamber with 10
min exploration sessions at 24 hour intervals for 3 days prior to testing. On the testing
day, the animals underwent two sessions in the arena. During the first familiarization
session, two identical objects were placed along the far side of the chamber, 8 cm away
from the walls. The CD-1 mice from the MeHg and PBN studies were allowed to explore
the arena and the objects for 3 minutes. The oggl mice were allowed to explore the
arena and the objects for 5 minutes. The time for the familiarization trial for the ogg1l
animals was increased to optimize baseline performance in the wild-type control mice
(Appendix 2, fig. A2.1). The mice were removed to their home cage and after an
interval of 1 hour were replaced in the testing arena for the recall trial, now containing 1
familiar and 1 novel object, in the same positions as the objects in the learning session.
The mice were again allowed to explore the arena and objects for 3 minutes, and this
session was recorded by the camera. After the recordings were independently
randomized, the amount of time the animals spent exploring each object was measured.
Animals that explored the objects for less than 10 seconds in either session were

rejected. The scores for each animal were calculated by determining the proportion of
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Figure 2.1: Object recognition apparatus
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The testing chamber for the novel object recognition test consisted of a 40 x 40 x40 cm chamber
with opaque walls. The top of the chamber was open and a camera was suspended above it. Two
objects (identical objects in the familiarization trial, and one familiar and one novel object in the
recall trial) were placed 8 cm from the far wall of the chamber CD-1 mice were allowed to explore
the chamber for 3 minutes in the familiarization trial, and oggl mice were allowed to explore the

chamber for & minutes in the familiarization trial.
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time the animals spent exploring the novel object compared to the amount of time spent
exploring both objects in the second session. In a previous pilot study, CD-1 animals

exposed to 0 or 4 mg/kg MeHg were tested at 4 weeks of age (Appendix 1, fig. A1.2).

2.6 Passive avoidance test

Dams were allowed to deliver spontaneously and the pups were weaned at three weeks
of age. The offspring were tested in the passive avoidance test at 4 months of age. All
animal cages were randomized prior to testing. The custom made testing arena
consisted of 2 chambers, each 20 x 20 x 20 cm, one dark and one light (fig. 2.2). The
chambers were connected by a manually operated door, and the floor of each chamber
consisted of suspended steel rods that were attached to a power supply. The mice
habituated to the testing room for 1 hour before each trial. After habituation, the mice
were placed in the light chamber, facing away from the connecting door, and allowed to
explore the light chamber for 20 seconds before the door was opened. Once the dark
chamber was entered, the door was closed, and a small current of 1 mA was applied for
across the rods in the dark chamber, resulting in a mild foot shock. The CD-1 animals
from the MeHg and PBN study were shocked for 4 seconds, and 3 trials were
conducted at 24 hour intervals. The oggl animals were shocked for 6 seconds, and 5
trials were conducted at 24 hour intervals. The duration of the foot shock and number of
trials was increased in the oggl animals to optimize baseline performance in the wild-
type control animals (Appendix 2, fig. A2.2). During the last trial, the animal’s latency

to enter the dark chamber was recorded as its testing score, to a maximum of 300
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Figure 2.2: Passive avoidance apparatus

The testing chamber for the novel object recognition test consisted of 2 20 x 20 x 20 cm chambers,
one light and one dark, connected by a manually operated door. The floor in both chambers
consisted of steel rods. Alternating rods were connected to the positive and negative electrodes of a
power supply setat 1 mA.
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seconds. In a previous pilot study, CD-1 animals exposed to O or 4 mg/kg MeHg were

tested at 7months of age (Appendix 1, fig. A1.3).

2.7 von Frey test

One of the hallmarks of MeHg poisoning in adults is numbness and tingling in the
extremities (Ninomiya et al., 2005; Takaoka et al., 2008). We therefore assessed tactile
sensitivity to confirm that any deficit observed in passive avoidance was attributable to a
deficit of learning and memory, and not an inability to feel the foot shock. The animals
from the MeHg and PBN studies, as well as those from the MeHg and ogg1l studies
were tested 24 hour after the last passive avoidance trial. All animal cages were
randomized prior to testing. The testing arena consisted of a small chamber with a
plastic mesh floor, sufficiently large to allow the von Frey filaments through. The mice
were habituated in the testing room for 1 hr prior to testing, and for 1 minute in the
testing arena. Calibrated von Frey filaments (North Coast Medical, Morgan Hill,
California), which bend after a specific amount of pressure are applied on them, were
pressed against the plantar surface of each rear foot twice, by increasing size and force
until the mice reacted by lifting the affected foot at least twice. The force applied by the

successful filament was recorded as the score for each animal.

2.8 Immunohistochemistry
0Oggl dams were injected i.p. with 100 mg/kg bromodeoxyuridine (BrdU) 1 hour prior to

sacrifice, which occurred 6 hours after the MeHg or vehicle dose. The 6 hour timepoint
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was based on a previous DNA oxidation in MeHg-exposed CD-1 mice which suggested
that a 6 hour exposure to MeHg would yield peak 8-oxodGuo levels in the fetal brain
(Appendix 1, fig. A1.1), and is the same as the time point chosen for the DNA
oxidation studies (see Section 2.4). Fetuses from +/- x +/- matings, +/+ x +/+ matings
and -/- x -/- matings were analyzed. After genotyping, all +/+ and -/- fetuses were
selected for analysis from the +/- x +/- litters, while fetuses from the +/+ x +/+ matings
and -/- x -/- matings were randomly selected for analysis. Fetal brains were fixed with
4% paraformaldehyde before being paraffin-embedded. Matched serial 5 um coronal
sections of the hippocampus were used for analysis. Antigen retrieval using 10 mM
citrate buffer (pH 6.0) was used for yH2AX staining and using pepsin digestion, followed
by incubation in 2N HCl and 0.1 M Na-Borate for BrdU staining. Samples were blocked
in 3% bovine serum albumin and 3% Tween 20 in 20 mM MgCI2 with 5% goat serum
prior to incubation overnight with 1:200 mouse anti-yH2AX as a marker of DNA DSBs
(Millipore, Billerica, MA), 1:200 rat anti-BrdU as a marker of cellular migration into the
developing hippocampal region (Clontech, Mountain View, CA) or 1:500 mouse anti-
TUJ1 as a marker of differentiated neurons (Covance, Emeryville, CA) at 4° C. The
samples were subsequently incubated for 1 hr at room temperature with 1:500 goat
anti-mouse Alexa 555 (Invitrogen, Burlington, ON), 1:500 goat anti-rat Alexa 568
(Invitrogen) or 1:200 goat anti-mouse Alexa 488 (Invitrogen), before being mounted with
Vector Mounting Medium with DAPI (Vector Laboratories, Burlington, ON). DNA
fragmentation as a marker for apoptosis was measured using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) (In Situ Cell Death Detection Kit,
Fluorescein, Roche, Mississauga, ON). Slides were viewed on an Imager.Z1

Epifluorescence microscope (Carl Zeiss Canada Ltd., Toronto, ON) and photos were
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taken at 10x and 20x magnification. After being randomized by an independent
observer, the developing hippocampal area in the yH2AX-, BrdU- and TUNEL photos
was measured using AxioVision SE64 Rel. 4.8 (Carl Zeiss Canada Ltd.), and the

number of positive cells was manually counted.

2.9 Survival
One litter each from the treatment groups for the MeHg and PBN studies (saline, MeHg,
PBN + saline and PBN + MeHg) were housed in groups of up to four to a cage and

monitored for survival to 16 months of age.

2.10 Statistics

In the MeHg and PBN studies, comparisons between treatment groups and the vehicle
control animals were analyzed using 1-way analysis of variance (ANOVA) with a post-
hoc Dunnett’s test. Comparisons between different treatment groups were analyzed
using 1-way ANOVA with a post-hoc Fisher's LSD test. When appropriate, statistical
differences between data were analyzed using an unpaired Student’s t-test. Survival
curves were analyzed using the log-rank (Mantel-Cox) test (GraphPad Prism 5.0;
GraphPad Software Inc., La Jolla, CA). Analysis by 2-way ANOVA with a post-hoc
Bonferonni test was used to determine the effects ofoggl genotype and MeHg
treatment, and the interaction of genotype and treatment. The effect of oggl genotype
on passive avoidance learning in the female mice was analyzed using 1-way

ANOVAwith a post-hoc Dunnett’s test. When appropriate, statistical differences
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between data were analyzed using an unpaired two-tailed Student’s t-test (GraphPad
Prism 5.0, GraphPad Software Inc. La Jolla, CA). The level of significance was
determined to be at p < 0.05, except for the survival study, where significance was

determined to be at p < 0.0125.
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Section 3: Results
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3.1 Reduction in methylmercury-initiated neurodevelopmental
deficits by maternal PBN pretreatment in CD-1 mice may not
involve oxidatively damaged DNA

Aaron Shapiro assisted with the HPLC with tandem MS for the 8-oxodGuo study.

3.1.1 MeHg does not increase 8-oxodGuo levels in GD 17 fetal brain

Changes in 8-oxodGuo levels in whole fetal brain after exposure to MeHg or vehicle,
with or without PBN pretreatment, were measured to determine whether MeHg or PBN
modulate DNA oxidation in the fetus. In utero exposure to MeHg on GD 17 (70 + 47
fmol 8-oxodGuo/ug dGuo) did not result in higher 8-oxodGuo levels in whole fetal brain
samples compared to vehicle-treated controls (51 + 27 fmol 8-oxodGuo/ug dGuo) (1-
way ANOVA with post-hoc Dunnett’s test, p > 0.05) (fig. 3.1). Furthermore, there were
no significant effects of PBN treatment on 8-oxodGuo levels, either in vehicle- or MeHg-
treated fetuses. We can be confident that the lack of difference between the treatment
groups was not due to a lack of sensitivity in our assay, as the samples from the oggl
-/- animals, which were analyzed concurrently with the samples from the MeHg- and
PBN-treated animals, exhibited significantly higher levels of 8-oxodGuo than the

samples from the oggl +/+ animals (see Section 3.2.1, fig. 3.6).

3.1.2 MeHg causes cognitive deficits in the object recognition test that are
prevented by PBN pretreatment

To determine whether MeHg or PBN would affect cognition in the offspring after
exposure during gestation, the ability of the mice to distinguish novel objects from

familiar objects was measured using the object recognition test. Cognitive deficits in the
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Figure 3.1: No increase in DNA oxidation in GD 17 fetal brains after in utero exposure to MeHg
treatment, with or without PBN pretreatment.

Pregnant dams were injected i.p. on GD 17 with 4 mg/kg MeHg or PBS, with or without i.p.
pretreatment with 45 mg/kg PBN 2 hr prior to MeHg or PBS. Fetal brains were collected after 6 hr and
analyzed for DNA oxidation, reflected by 8-oxodGuo levels. No significant differences were observed
between saline controls and MeHg-treated animals. Similarly, no effect of PEN pretreatment was
observed. (x,y) = number of litters, number of fetuses
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object recognition test were seen in the MeHg-treated 6-week old offspring (51 + 12%)
compared to the vehicle controls (59 + 13%) (fig. 3.2) (1-way ANOVA with post-hoc
Dunnett’s test, p = 0.046). The score expected for a maximal deficit in this test would be
50%, which would represent an equal time spent exploring the novel and familiar
objects, or in other words, a complete inability to distinguish the two types of object.
These results suggest that this single dose of MeHg was sufficient to cause a maximal
deficit. Treatment with PBN prior to MeHg completely protected against this deficit, with
a mean score of 58 + 14%, virtually identical to the mean score of the vehicle-treated
animals (1-way ANOVA with post-hoc Fisher’s LSD, p < 0.05). The post-hoc Fisher’'s
LSD was used to compare the MeHg- and PBN-pretreated MeHg-treated animals as the
post-hoc Dunnett’s test only compared treatment groups to the vehicle-treated control
animals. Animals treated with PBN prior to vehicle also performed similarly to vehicle-
treated animals, suggesting that PBN alone does not affect performance in this test. No
sex-dependent differences were observed between the treatment groups (1-way

ANOVA, p > 0.05).

3.1.3 MeHg causes cognitive deficits in the passive avoidance test that are
unaffected by PBN pretreatment

To further elucidate the effects of MeHg and PBN on cognition, 4-month old mice were
tested using the passive avoidance test. MeHg (145 + 125 s) caused a cognitive deficit
compared to vehicle controls (241 + 98 s), with a 40% decrease in the latency to enter
the dark chamber (1-way ANOVA with post-hoc Dunnett’s test, p<0.05) (fig. 3.3).
Pretreatment with PBN (mean score: 174 + 122 s) did not significantly reduce the

MeHg-initiated deficit, although a post-hoc Dunnett’s test showed no difference between
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Figure 3.2: Cognitive deficits in postnatal novel object recognition after in utero exposure to MeHg,
and protection by pretreatment with PBN.

Pregnant dams were injected i.p. on GD 17 as described in fig. 1. The dams were allowed to deliver
spontaneously, and the offspring were weaned at 3 weeks of age. The offspring were evaluated in the
object recognition test at 6 weeks of age. Scores indicate the proportion of time the animals explored
the novel object, compared to the cumulative exploration time for both objects. The dashed line
indicates a score of 50, the expected score for a maximally impaired animal.

* indicates a difference from vehicle controls (p <0.05, 1-way ANOVA with post-hoc Dunnett’s Multiple
Comparison test). # indicates a difference from the group exposed to MeHg alone (p= 0.046, 1-way
ANOWVA with post-hoc Fisher's L5D).

(%,¥) = number of litters, number of offspring
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Figure 3.3: Cognitive deficits in postnatal passive avoidance after in utero exposure to MeHg, and no
protection by pretreatment with PBN.

Pregnant dams were injected i.p. on GD 17 as described in fig. 1. The dams were allowed to deliver
spontaneously, and the offspring were weaned at 3 weeks of age. Animals were evaluated in the
passive avoidance test at 4 months of age. Scores indicate the latency to enter the dark chamber on
the third trial.

* indicates a difference from vehicle controls (p <0.05, 1-way ANOVA with post-hoc Dunnett’s Multiple
Comparison test). (x,y) = number of litters, number of offspring
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the vehicle group and the PBN-pretreated MeHg group. No sex-dependent differences

were observed between the treatment groups (1-way ANOVA, p > 0.05).

3.1.4 MeHg does not cause deficits in tactile sensitivity

To determine whether the deficits observed in the passive avoidance test were due to a
cognitive deficit or an inability of the mice to detect the sensation of the foot shock,
tactile sensitivity was measured using von Frey filaments. In utero exposure to MeHg
did not cause any deficits in tactile sensitivity in the von Frey test, which would be
represented by an increase in the force applied to the foot to elicit a reaction (1-way
ANOVA with post-hoc Dunnett’s test, p > 0.05) (fig. 3.4). To the contrary, the MeHg-
treated animals were slightly more sensitive than the vehicle-treated animals when
analyzed by t-test (mean scores: 1.9 + 0.8 g and 3.2 £ 1.6 g, respectively) (p=0.02). No
significant difference was observed between the PBN plus vehicle and the PBN plus
MeHg groups, or among any of the other treatment groups. These results suggest that
the deficit observed in the passive avoidance test is a cognitive deficit, and not due to a
difference in sensitivity. No sex-dependent differences were observed between the

treatment groups (1-way ANOVA, p > 0.05).

3.1.5 MeHg shortens lifespan, an effect that is blocked by PBN
pretreatment

One litter from each treatment group was followed to 16 months of age to determine
whether MeHg or PBN would shorten lifespan. In utero exposure to a single maternal

dose of MeHg resulted in a substantially shorter lifespan than that for offspring exposed
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Figure 3.4: No decrease in tactile sensitivity after in utero exposure to MeHg.

Pregnant dams were injected i.p. on GD 17 as described in fig. 1. The dams were allowed to deliver
spontaneously, and the offspring were weaned at 3 weeks of age. At 24 hr after the last trial of the
passive avoidance test, animals were tested with von Frey filaments. Scores indicate the amount of
force applied to the rear foot that was necessary to elicit a reaction from the animal. A higher score
indicates less tactile sensitivity.

* indicates a difference from vehicle controls (p < 0.05, Student’s t-test). (x,y) = number of litters,
number of offspring
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to vehicle (Mantel-Cox log-rank test, p<0.001) (fig. 3.5). This MeHg-initiated decrease
in lifespan was completely blocked by maternal pretreatment with a single dose of PBN
(Mantel-Cox log-rank test, p<0.0125). By 16 months of age, % survival for the vehicle-
treated animals was 86%, versus 10% in the MeHg-treated group, 73% in the PBN plus

vehicle group and 77% in the PBN plus MeHg group.
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Figure 3.5: PBN pretreatment blocks the decrease in lifespan caused by in utero exposure to MeHg.
Pregnant dams were injected i.p. on GD 17 as described in fig. 1. The dams were allowed to deliver
spontaneously, and the offspring were weaned at 3 weeks of age. Animals were monitored for survival
to 16 months of age.

* indicates a difference from vehicle controls (p < 0.0125, Mantel-Cox test). # indicates a difference
from the group exposed to MeHg alone (p < 0.0125, Mantel-Cox test). (x,¥) = number of litters, number
of offspring
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3.2 Mice deficient in OGG1 are more susceptible to cognitive
deficits after in utero MeHg exposure

Aaron Shapiro assisted with the HPLC with tandem MS for the 8-oxodGuo study.
Hannah Choi, Hudson Liao, and Nestor Sabat assisted with staining the

immunohistochemical slides.

3.2.1 Oggl genotype affects DNA oxidation levels, but MeHg does not

8-oxodGuo levels in whole fetal brain samples were measured to determine whether
they would be changed by MeHg treatment or oggl genotype. Oggl genotype was a
significant factor in increasing 8-oxodGuo levels in the fetal brain (2-way ANOVA,
p=0.0033), but neither MeHg treatment nor the interaction of genotype and treatment
were significant (2-way ANOVA, p > 0.05) (fig. 3.6). DNA oxidation levels in the oggl -/-
mice (140 + 65 fmol 8-oxodGuo/ug dGuo) were 2.4-fold higher than in the wild-type

mice (59 + 32 fmol 8-oxodGuo/ug dGuo).

3.2.2 Neither oggl genotype nor MeHg treatment affect novel object
recognition

Cognitive deficits due to oggl genotype, whether alone or in combination with MeHg
treatment, were measured using the object recognition test. The factors treatment,
genotype, and interaction were not significant (2-way ANOVA, p > 0.05), indicating that
neither MeHg treatment nor oggl genotype caused a deficit in novel object recognition
(fig. 3.7). The scores for the vehicle-treated (+/+: 59 + 7%, +/-: 62 + 11%, -/-: 63 £ 10%)

and the MeHg-treated (+/+: 62 £ 12%, +/-: 59 £ 15%, -/-: 56 + 15%) groups suggest that
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Figure 3.6: Oggl -/-fetuses have higher endogenous brain levels of 8-oxodGuo, but there isno
increase after in utero MeHg exposure.

Pregnant dams were injected i.p. on GD 17 with 4 mg/kg MeHg or vehicle and sacrificed 6 hr later
Fetal brains were collected and analyzed for DNA oxidation, represented by 8-oxodGuo levels.

* indicates a difference from +/+ samples (p = 0.033, 2-way ANOVA). (x,y¥) = number of litters, number
of fetuses
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Figure 3.7: Neither oggl genotype nor in utero MeHg treatment result in cognitive deficits in novel
object recognition.

Pregnant dams were injected i.p. on GD 17 with 4 mg/kg MeHg or vehicle and allowed to
spontaneously deliver. Offspring were weaned at 3 weeks of age and evaluated in the object
recognition test at 6 weeks of age. Scores indicate the proportion of time the animals spent exploring
the novel object, compared to the cumulative exploration time of the novel and familiar objects. The
dashed line indicates a score of 50, the expected score for a maximally impaired animal. No differences
in performance were seen either due to MeHg treatment or oggl genotype.

(%,¥) = number of litters, number of offspring
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the animals were capable of distinguishing the novel object. The expected score for a
cognitively impaired animal would be 50%, indicating equal time spent exploring the
novel and familiar objects, or in other words, a complete inability to distinguish the novel
object from the familiar. Furthermore, no differences in score were observed in a
comparison of the OGG1-deficient (+/- and -/-) vehicle-treated and OGG1-deficient
MeHg-treated animals (data not shown; 2-way ANOVA, p > 0.05), suggesting that under
these conditions, there is no cumulative or synergistic deficit caused by deficient DNA
repair and MeHg treatment. When the data were stratified by sex, neither males nor
females were uniquely susceptible to modulation by either oggl genotype or MeHg

treatment (data not shown; 2-way ANOVA, p > 0.05).

3.2.3 Passive avoidance performance is affected in MeHg-treated oggl
deficient animals

To further elucidate what effect, if any, oggl genotype, alone or in combination with
MeHg, would have on cognition, the mice were also tested using the passive avoidance
test. No effect of oggl genotype, MeHg treatment, or the interaction of treatment and
genotype on passive avoidance was seen using a 2-way ANOVA. (fig. 3.8). However,
the MeHg-treated oggl +/- animals (219 £ 109 s) performed significantly more poorly

than the vehicle-treated oggl +/- animals (269 + 71 s) (p = 0.034, Student’s t-test).

To further elucidate the effects of oggl genotype and MeHg treatment, the data were
stratified to compare the MeHg- (267 + 58 s) and vehicle-treated (253 + 85 s) wild-type

mice with the OGG1-deficient (+/- and -/-) MeHg-treated mice (209 + 106 s) and OGG1-
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Figure 3.8: Oggl +/- animals treated with MeHg in utero have cognitive deficits in passive avoidance.
Pregnant dams were injected i.p. with 4 mg,/kg MeHg or vehicle on GD 17 and allowed to
spontaneously deliver Offspring were weaned at 3 weeks of age and evaluated in the passive
avoidance test at 4 months of age. Scores indicate latency to enter the dark chamber on the fifth trial.
No differences in score were observed due to oggl genotype or MeHg treatment by 2-way ANOVA.
However, inthe oggl +/- mice only, the MeHg-treated animals exhibited a cognitive deficit compared
to the vehicle-treated animals.

* indicates a difference from vehicle controls of the same genotype (p = 0.0341, Student’s t-test).
(%,¥) = number of litters, number of offspring
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deficient vehicle-treated mice (260 + 79 s) (fig. 3.9). Although the factors genotype,
treatment, and interaction were not significant according to analysis by 2-way ANOVA, a
post-hoc Bonferonni test revealed that the MeHg-treated OGGL1 deficient animals
performed significantly more poorly than the vehicle-treated OGG1 deficient animals

(p > 0.05), providing the first in vivo evidence that a deficiency in the repair of oxidative

DNA damage may result in increased susceptibility to MeHg toxicity.

When the data were stratified by sex, the males demonstrated no modulation by oggl
genotype or MeHg treatment (data not shown; 2-way ANOVA, p > 0.05). As there was
no difference between the scores of the female MeHg-treated and vehicle-treated oggl
wild-type progeny (277 + 52 s and 269 * 65 s, respectively), nor between the female
MeHg-treated and vehicle-treated oggl -/- progeny (185 £ 119 s and 183 + 133 s,
respectively), the data for each pair were combined and stratified by genotype,
regardless of treatment. The oggl -/- females (184 + 120 s) performed significantly
more poorly than the oggl +/+ females (271 £ 59 s), with a 32% decrease in the latency
to enter the dark chamber (1-way ANOVA with post-hoc Dunnett’s test, p = 0.05) (fig.
3.10), providing the first evidence that, regardless of treatment, oggl -/- female mice are
uniquely susceptible to cognitive deficits. There was also a trend towards the MeHg-
treated oggl +/- females performing more poorly than the vehicle-treated oggl +/-
females (student’s t-test, p = 0.075), again suggesting that DNA oxidation may be

involved in the mechanism of toxicity of MeHg.
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Figure 3.9: 0GG1-deficient animals treated with MeHg in utero have cognitive deficits in passive
avoidance.

Scores indicate latency to enter the dark chamber on the fifth trial. No differences in score were
observed due to oggl genotype or MeHg treatment by 2-way ANOVA. MeHg-treated oggl wild-type
mice did not exhibit cognitive deficits in passive avoidance compared to vehicle-treated oggl wild-type
mice. * indicates a difference from vehicle treated-animals of the same genotype (p < 0.05, 2-way
ANOWVA with post-hoc Bonferonni test). (x,y) = number of litters, number of offspring
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Figure 3.10: Female oggl -{- mice have cognitive deficits in passive avoidance compared tofemale
oggl wild-type mice.

The scores for the female animals were stratified by genotype and treatment to determine if sex-
selective cognitive deficits were occurring.

* indicates a difference from +/+ animals, regardless of treatment (p = 0.05, 1-way ANOVA). ® indicates

atrend towards a difference compared to vehicle-treated animals of the same genotype (p = 0.075,
student’s t-test).

(%,¥) = number of litters, number of offspring
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3.2.4 Neither oggl genotype nor MeHg treatment result in somatosensory
changes

von Frey filaments were used to assess somatosensory changes to confirm the
cognitive deficit observed in passive avoidance. The factors genotype, treatment, and
interaction were not significant (2-way ANOVA, p > 0.05) (fig. 3.11). The force
necessary to elicit a reaction from the animals for the vehicle-treated (+/+: 1.8 + 0.3 g,
+/-:2.2+1.04q, -/-: 1.9 £ 0.4 g) and MeHg-treated (+/+: 1.9+ 0.3 g, +/-: 2.0+ 0.9 g, -/-:
2.0 £ 1.0 g) animals were virtually identical. Furthermore, no difference was observed in
the scores of the OGG1-deficient vehicle-treated (2.1 + 0.9 g) and OGG1-deficient
MeHg-treated animals (2.0 £ 1.0 g) (2-way ANOVA, p > 0.05). This suggests that the
deficit in passive avoidance observed in the MeHg-treated oggl deficient animals was
in fact a deficit in learning and memory, and not due to a difference in tactile sensitivity.
Additionally, as no sex-dependent differences were observed, it is likely that the deficit
in passive avoidance observed in the females is also due to cognitive deficits, and not

differences in tactile sensitivity (data not shown; 2-way ANOVA, p > 0.05).

3.2.5 MeHg treatment, but not oggl genotype results in increased
apoptosis in the fetal developing hippocampal region

To determine whether oggl genotype, alone or in combination with MeHg treatment,
would affect levels of apoptosis in the developing hippocampus, GD 17 coronal brain
slices were TUNEL-stained (fig. 3.12a). MeHg treatment resulted in a 26% increase in
the number of TUNEL-positive cells (+/+: 2.5 x 10 + 1.0 x10™ positive cells/um?, -/-: 2.1
x 10® + 8.5 x 10°® positive cells/um?) compared to the vehicle-treated samples (+/+: 1.8

x 10® + 4.1 x 10°® positive cells/um?, -/-: 1.7 x 10° + 6.1 x 10°® positive cells/um?),
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Figure 3.11: Neither in utero MeHg treatment nor oggl genotype affect tactile sensitivity.

At 24 hr after passive avoidance testing, animals were tested with von Frey filaments. Scores indicate

the force applied to the rear foot that was necessary to elicit a response. No changes in tactile

sensitivity were observed due to MeHg treatment or oggl genotype. (xy) = number of litters, number

of offspring
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Figure 3.12: In utero MeHg exposure, but not oggl genotype, causes increased apoptosis in the
developing hippocampal region.

Pregnant dams were injected i.p. with 4 mg/kg MeHg or vehicle on GD 17, and sacrificed 6 hr later. The
fetal brains were collected and fixed in 4% paraformaldehyde prior to being embedded in paraffin. A.
Apoptosis, represented by TUNEL staining, was measured in the developing hippocampal region. Green
staining indicates TUNEL; blue staining indicates DAPI; pink staining is non-specific. Scale bar=50 um.
B. * indicates a difference from vehicle-treated samples (p = 0.033, 2-way ANOVA). (x,y) = number of
litters, number of fetuses
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regardless of oggl genotype in the developing hippocampal area (fig. 3.12b) (2-way
ANOVA, p = 0.033). No difference was observed due to oggl genotype, and no
significant interaction between MeHg treatment and oggl genotype was observed by 2-
way ANOVA. These results indicate, not only that MeHg causes increased apoptosis in
the developing hippocampal area, but also that, at this developmental stage, the oggl
genotype does not appear to result in increased apoptosis in the developing

hippocampal area.

3.2.6 MeHg treatment, but not oggl genotype, may result in increased DNA
double-strand breaks in the fetal developing hippocampal region

To determine if levels of DNA DSBs are affected by oggl genotype, with or without
MeHg treatment, GD 17 coronal brain slices were analyzed for yH2AX levels in the
developing hippocampal region (fig. 3.13a). After DNA DSBs occur, histone H2AX is
phosphorylated at the serine139 position at the damage site, resulting in yH2AX. The
0ggl -/- (vehicle: 1.1 x 10® + 4.9 x 10° positive cells/um? MeHg: 1.6 x 10° + 9.1 x 10°®
positive cells/um?) animals did not have an increased number of yH2AX-positive cells
compared to the oggl +/+ animals (vehicle: 9.0 x 10 + 4.8 x 10°® positive cells/um?,
MeHg: 1.6 x 10 + 1.3 x 10°° positive cells/um?). However, similarly to our TUNEL
results, we found that there was a trend towards MeHg treatment resulting in a 60%
increase in yH2AX staining, suggesting that MeHg may cause DNA DSBs in the
developing hippocampal area (fig. 3.13b) (2-way ANOVA, p = 0.086). No difference or

trend towards a difference was observed due to oggl genotype, suggesting that, at this
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Figure 3.13: In utero MeHg exposure may cause increased DNA DSBs in the developing hippocampal

region.

Pregnant dams were injected i.p. with 4 mg/kg MeHg or vehicle on GD 17, and sacrificed 6 hr later. The
fetal brains were collected and fixed in 4% paraformaldehyde prior to being embedded in paraffin. A.
DNA DSBs, represented by yH2AX, were measured in the developing hippocampal region. Pink staining
indicates yH2AX; blue staining indicates DAPI; green staining is non-specific. Scale bar = 50 um. B. No
significant changes in DNA damage were observed due to oggl genotype or MeHg treatment.
However, similarly to the TUNEL results, there was a trend towards MeHg treatment resulting in
increased DNA damage, regardless of treatment (¥, p = 0.086, 2-way ANOVA). (x,y) = number of litters,

number of fetuses
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developmental stage, a lack of OGG1 does not result in increased DNA DSBs in the

developing hippocampal area.

3.2.7 Oggl -/- mice exhibit higher numbers of newly replicated cells in the
fetal developing hippocampal region, but this is reduced by MeHg

To determine whether oggl genotype, with or without MeHg treatment, affects cellular
proliferation or migration in the developing hippocampus, pregnant dams were injected
with BrdU and the fetal brains were collected and analyzed for BrdU expression in
coronal slices around the developing hippocampal region (fig. 3.14a). While neither the
factor genotype nor treatment were significant (2-way ANOVA, p > 0.05), the interaction
of oggl genotype and MeHg treatment had a significant effect on the concentration of
BrdU-positive cells in the area of the developing hippocampus (2-way ANOVA, p =
0.034). The vehicle-treated oggl -/- samples exhibited a 41% increase in the
concentration of positive cells (2.4 x 10 + 9.2 x 10™ positive cells/um?) compared to
vehicle-treated oggl wild-type samples (1.7 x 10 + 3.0 x 10°° positive cells/um?)
(student’s t-test, p = 0.0094). MeHg-treatment resulted in a 29% decrease in the
concentration of positive cells in the oggl -/- samples (1.7 x 10 + 2.6 x 105 positive

cells/um?) (student’s t-test, p = 0.004) (fig. 3.14b).
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Figure 3.14: Oggl -/- fetuses have increased cellular proliferation or migration to the developing
hippocampal region, an effect which is blocked by in utero MeHg exposure.

Pregnant dams were injected i.p. with 4 mg/kg MeHg or vehicle on GD 17, and sacrificed 6 hr later. The
fetal brains were collected and fixed in 4% paraformaldehyde prior to being embedded in paraffin. A.
Cellular proliferation, represented by BrdU staining, was measured in the developing hippocampal
region. Pink staining indicates BrdU; blue staining indicates DAPI; yellow staining is non-specific. Scale
bar = 50 um. B. The interaction of oggl genotype and MeHg treatment was significant (p = 0.034, 2-
way ANOVA). # indicates a difference from vehicle control of the same genotype (p = 0.004, Student’s t-
test). * indicates a difference from wild-type samples with the same treatment (p =0.0093, Student’s t-

test). (x,y) = number of litters, fetuses
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Section 4: Discussion
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The results from my MeHg and PBN studies following in utero exposure provide the first
in vivo evidence that the free radical spin trapping agent PBN can protect against the
neurodevelopmental toxicity of MeHg, suggesting a role for ROS in the pathogenic
mechanism. Moreover, | provided evidence that MeHg exposure in utero may reduce
lifespan, an effect that also appears to involve ROS, as the effect on lifespan was
ameliorated by maternal PBN treatment. This is the first evidence in an animal model
reflecting the reduced lifespan informally reported for humans exposed to higher levels
of MeHg (Tamashiro et al., 1984; Harada, 1995; Harada et al., 2005). However, it was
unclear whether DNA oxidation was involved, particularly since the levels of the specific
8-oxodGuo lesion in my whole fetal brain samples remained unchanged after MeHg

exposure.

My studies of the effects of in utero MeHg exposure on mice deficient in OGG1, a major
DNA repair enzyme, provided the most direct in vivo evidence to date that DNA
oxidation may be involved in the mechanism of toxicity of MeHg exposure in utero. |
also provided the first evidence that female oggl -/- mice are innately more prone to
cognitive deficits, demonstrating that DNA repair in the fetus is crucial for normal

neurodevelopment.
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4.1 MeHg and PBN

4.1.1 MeHg, PBN, and Cognition

In these studies, | have shown that a single in utero exposure to a low dose of MeHg
during gestation is sufficient to cause long-term postnatal cognitive deficits. Specifically,
MeHg causes cognitive deficits as measured by the object recognition test and the
passive avoidance test, although only the deficit in the object recognition test was
blocked by maternal PBN pretreatment. A single, low dose was chosen as a “threshold”
model, instead of a subchronic or chronic dosing regimen, which is more akin to
common human exposures. This threshold approach was used to facilitate a focus on
mechanisms of teratological initiation, avoiding the potential confounding effects due to
the activation of secondary and tertiary pathways. Using a relatively low dose of MeHg
also allowed me to focus on sensitive pathogenic events, avoiding the confounding
effects of additional mechanisms recruited at higher exposures to MeHg that are less
relevant to our lower dietary exposure levels. The dose used is equal to, or lower than
that used in many other neurodevelopmental studies in rodent models (Kakita et al.,
2000; Doré et al., 2001; Goulet et al., 2003). Although psychomotor deficits are among
the first effects of in utero MeHg exposure found in humans, we chose not to employ the
rotarod to test motor coordination in mice as other investigators have found that
exposure in utero to cumulative doses of MeHg 3 — 10 fold greater than the dose we
employed in mice resulted in cognitive deficits, but not motor coordination deficits, in the

adult offspring (Doré et al., 2001; Goulet et al., 2003; Stringari et al., 2006)
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The ability of maternal administration of the free radical spin trap PBN to prevent the
MeHg-initiated cognitive deficit in object recognition, but not in passive avoidance,
suggests several possibilities for the mechanism of toxicity. The two most obvious are
that PBN does not act within a MeHg-affected brain region or pathway that is necessary
for learning and memory in passive avoidance, unlike that for object recognition; or, that
PBN acts within a region or pathway that is necessary for object recognition, but not
passive avoidance. Further to this second possibility is that PBN may act within a
MeHg-affected region or pathway that is necessary for both tests, but not to a sufficient
extent to restore the deficit seen in passive avoidance. Another possibility is that the

MeHg-initiated deficit in passive avoidance involves a ROS-independent mechanism.

The amygdala has previously been shown to be crucial for passive avoidance learning,
as both chemical and surgical lesions of the amygdala result in acquisition deficits
(Russo et al., 1976; Dunn & Everitt, 1988; Roozendaal et al., 1993). Furthermore,
prenatal MeHg exposure in rats can result in decreased neuron number in the amygdala
(Kakita et al., 2000). Although PBN has been shown to protect against neuronal lesions
in the amygdala in an epilepsy model in adult rats, the dose of PBN was 3-fold higher
than that used in my studies (Peterson et al., 2005). It is therefore possible that we
would have seen protection against MeHg-initiated passive avoidance deficits if a higher
dose of PBN had been used. Another potential target in passive avoidance is the
dentate gyrus, as neuronal number in the dentate gyrus appears to be more highly
correlated with passive avoidance performance than novel object recognition in a study

of traumatic brain injury in mice (Zhao et al., 2012). It is unclear how effective PBN is in
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protecting the dentate gyrus, as opposing results have been reported in various rat
models (Leib et al., 1996; Hossmann et al., 2001; Loeffler et al., 2001). Neonatal
models of meningitis have shown that cumulative doses between 200 and 600 mg/kg
protect against apoptosis in the dentate gyrus and possibly protected against increases
in superoxide around the dentate gyrus (Leib et al., 1996). Subchronic administration of
relatively high doses of PBN, resulting in a total dose of 1500 mg/kg over a period of 5
days, actually resulted in increased apoptosis in the dentate gyrus of neonatal rats
infected with meningitis (Loeffler et al., 2001). This cumulative dose, however, was
more than 20-fold higher than the dose | employed, and may have little to no relevance
to my studies. However, the protective effects of PBN may decrease in adult rats, as
injections of 300 mg/kg PBN had only equivocal protective effects against ischemia-
initiated changes in the dentate gyrus (Hossmann et al., 2001). Another study of
ischemia in rats using a cumulative dose of 30 mg/kg PBN, closer to the dose |
employed, found protection against neuronal death in the CA1 and CAS3 regions of the
hippocampus, but only a non-significant protection in the dentate gyrus (Li et al., 2001).
Generally, however, the doses of PBN used in these studies far exceeded my dose of
45 mg/kg. | chose to use a low dose of PBN to avoid any confounding results due to
other effects aside from trapping ROS, discussed in section 1.2.4.1.1. The dose used in
these studies was based on previous studies from our lab which showed that PBN
pretreatment decreased protein and lipid oxidation levels caused by ROS-initiating
teratogens at a dose that alone caused no apparent maternal or fetal toxicity (Liu &

Wells, 1994).
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A 200 mg/kg dose of PBN was reported to reduce a passive avoidance deficit and
hippocampal levels of lipid peroxidation in a mouse sleep deprivation model in adult
mice (Silva et al., 2004), supporting the possibility that my dose of PBN was insufficient
to prevent the passive avoidance deficit. Furthermore, in other rodent models, doses of
100 mg/kg PBN have been able to prevent deficits in passive avoidance performance in
neonatal rat models of neuroinflammation (Fan et al., 2008; Fan et al., 2010). Previous
studies in mice have shown that passive avoidance performance is more sensitive than
object recognition performance to mild traumatic brain injury, suggesting that a dose of
PBN that is sufficient to protect against deficits in object recognition may be insufficient
to rescue passive avoidance behaviour (Zhao et al., 2012). Both prenatal and perinatal
exposure to MeHg is known to decrease hippocampal size and cell number, which may
be the root cause of the resulting cognitive deficits (Kakita et al., 2000; Falluel-Morel et
al., 2007). PBN has been shown to protect against apoptosis and toxicity in the
hippocampus, albeit often at higher doses than that used in my study (Leib et al., 1996;
Fan et al., 2008). It is therefore possible that the dose of PBN | used prevented
hippocampal damage sufficiently to rescue novel object recognition, but not passive

avoidance, even though both may have resulted from a ROS-initiated mechanism.

It is likely that the deficits we observed in the passive avoidance test are due to a deficit
in learning and memory, and are not confounded by somatosensory deficits, as no
deficit in tactile sensitivity was detected by the von Frey test. This confirmation is
generally lacking in MeHg studies, and is important given that digital numbness is one

of the first signs of MeHg poisoning in adults (Ninomiya et al., 2005; Takaoka et al.,
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2008). Thus, my results provide the first evidence that, at least for in utero MeHg
exposure, cognitive deficits exhibit a measurably lower threshold than that for

somatosensory deficits.

4.1.2 MeHg, PBN, and DNA Oxidation

Previous in vitro studies have suggested that PBN is capable of partially protecting
against MeHg-initiated increases in ROS formation in cultured astrocytes (Shanker &
Aschner, 2003). However, it is important to note that decreasing ROS levels may not be
the only mechanism by which PBN acts. In fact, there is rarely any direct evidence that
PBN is affecting ROS, and it appears to have many other possible effects. A 100 mg/kg
dose of PBN has been shown to reduce lesion size in the dentate gyrus of adult rats
after intrahippocampal injections with B-amyloid peptide fragments, although it had no
effect on increased lipid peroxidation after injection of both $-amyloid and iodoacetate
(Montiel et al., 2006). An identical dose in neonatal rats in a model of neuroinflammation
prevented impaired neurological reflexes and improved performance in a modified
passive avoidance test, as well as protecting against neuronal loss in the CA1 (Fan et
al., 2010). However, as the authors did not analyze levels of ROS or oxidative damage,
it is difficult to determine whether these protective effects were due to ROS trapping, or
whether PBN protects against neuroinflammation by other mechanisms. A study of
glutamate efflux in the ventral tegmental area following a low dose of the ROS-initiating
drug amphetamine found no increase in hydroxyl radical levels, although 60 mg/kg PBN
still eradicated the increase in glutamate efflux and prevented behavioural sensitization

(Wolf et al., 2000).
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Other studies have found that MeHg exposure increases 8-oxodGuo levels in vitro and
in in vivo adult rat cerebral cortex (Belletti et al., 2002; Xu et al., 2012). Another study
found that urinary and serum Hg levels were positively correlated with urinary 8-
oxodGuo levels (Chen et al., 2005). However, as the subjects of this study were
exposed to Hg in their workplaces, the extent to which MeHg was responsible for this
correlation is unclear. Previous in vitro studies in our laboratory provided evidence for a
role for OGGL1 in protecting against MeHg-initiated apoptosis and cell cycle disruption
(Ondovcik et al., 2012; Ondovcik et al., 2013a; Ondovcik et al., 2013b). Contrary to my
expectations and my previous in vivo pilot study (Appendix 1, fig. Al1.1) suggesting that
| had chosen an appropriate time point for peak 8-oxodGuo levels initiated by MeHg, |
did not find an increase in 8-oxodGuo levels in fetal brain after MeHg exposure. As |
was able to detect measurable increases in 8-oxodGuo formation in my study with DNA
repair-deficient oggl -/- mice, which contained samples run concurrently with these
samples, it is unlikely that my method of quantification did not have the sensitivity to
detect a change in 8-oxodGuo levels in these fetal brains (Appendix 1, fig. A1.4).
Furthermore, as my baseline measurements of 8-oxodGuo in control animals were 2
fold lower with our new protocol using HPLC with tandem MS compared to HPLC with
electrochemical (EC) detection, it appears that our new protocol may be more sensitive
and accurate. However, further study, perhaps using the immunohistochemical
approach discussed in section 4.4, is necessary to confirm that MeHg did not cause

increases in 8-oxodGuo in fetal brain.
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My current results do not preclude a pathogenic role for MeHg-initiated DNA oxidation,
particularly as | did find that, after MeHg exposure, OGG1-deficient animals displayed
cognitive deficits that were not exhibited by similarly exposed oggl wild-type animals. A
potential limitation to my study was that | was only able to study 8-oxodGuo levels in the
whole fetal brain. It is possible that MeHg caused tissue-, cell- or gene-specific
increases in oxidative DNA damage in brain target tissues, which were masked by a
global lack of change in the brain. Previous studies in our laboratory have shown that in
adult mice, different brain regions have substantially different baseline levels of 8-
oxodGuo, and also have variable increases in 8-oxodGuo level after exposure to a
ROS-initiating xenobiotic (Jeng et al., 2006). It is also possible that oxidative DNA
damage and OGG1 may play a role in modulating MeHg toxicity, but 8-oxodGuo is not
the appropriate lesion to study despite its apparent role in neurodevelopmental deficits
caused by in utero exposure to ROS-initiating drugs like amphetamine analogs. OGG1
is also crucial in repairing 2,6-diamino-4-hydroxy-5-formamidopyrimidine (fapyG), a
ring-opened lesion resulting from oxidative damage (Hu et al., 2005; Krishnamurthy et
al., 2008). While fapy lesions are less studied than 8-0xo0G, they can be mutagenic and
are associated with mild cognitive impairment and Alzheimer’s Disease (Kalam et al.,

2006; Wang et al., 2006).

4.1.3 MeHg, PBN, and Lifespan
| have shown that in utero exposure to a single dose of MeHg that causes postnatal
cognitive defects may also reduce lifespan. Although only one litter was observed for

each treatment group, leaving open the possibly confounding “litter effect” of an
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anomalous pregnancy, the results are biologically plausible, and are congruent with the
outcomes for neurodevelopmental deficits among the different treatment groups.
Moreover, the difference in survival was striking, and this is the first evidence in an
animal model that a single MeHg exposure in utero may have lasting consequences,
not only for function or cognition, but also for quality and length of life. To date there
have been no human studies that have been able to exhaustively examine whether
long-term MeHg exposure decreases lifespan, beyond the initial observations of
increased mortality in the first few years after high exposure (Tamashiro et al., 1984;
Harada, 1995). However, informal reports suggest that MeHg exposure may result in a
shorter lifespan (Harada et al., 2005). Unfortunately, the documentation to confirm that
MeHg exposure contributes to decreasing lifespan, and is not simply incidental, does
not appear to exist. The majority of the MeHg-treated animals showed no overt signs of
distress or morbidity prior to being found dead during routine daily checks, suggesting
that the cause of death was not cancer or another form of progressive debilitating
disease. It is possible that cardiovascular toxicity contributed to the shorter lifespan
observed in the MeHg-treated mice, compared to vehicle controls and MeHg-exposed
mice pretreated with PBN. This speculation is supported by a post-mortem examination
of one of the mice, which was found with a distended abdomen, apparently caused by a
large volume of blood in the abdominal cavity (Appendix 1, Table A1.1). This finding

suggests that a ruptured vascular aneurysm may have been the cause of death.

There is growing evidence from diverse populations that adult exposure to MeHgq is

associated with adverse cardiovascular effects, including increased blood pressure,
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decreased heart rate variability, increased resting heart rate and myocardial infarction
(Choi et al., 2009; Roman et al., 2011; Valera et al., 2013). Moreover, increased blood
pressure and decreased heart rate variability have been observed in 7-year old Faroese
children after prenatal MeHg exposure, with some effects lasting to 14 years of age

(Serensen et al., 1999; Grandjean et al., 2004).

The apparent ability of PBN pretreatment to prevent a MeHg-initiated decrease in
lifespan may be attributed either to a general ability of a single dose of PBN to prolong
life, or to a specific effect of PBN in countering MeHg toxicity. Currently, there is no
evidence suggesting that a single exposure to PBN in utero is capable of prolonging
lifespan, and there is conflicting evidence on whether repetitive treatment with PBN or
other nitrones are effective at prolonging lifespan (Dubey et al., 1995; Saito et al., 1998;
Miller et al., 2007). While one study found that dilute concentrations of PBN in the
drinking water of aged mice extended their lifespan by a month over control levels
(Saito et al., 1998), another study in fruit flies found that low concentrations of PBN in
drinking water did not extend lifespan, while high concentrations significantly shortened
lifespan (Dubey et al., 1995). A multi-centre study by the Intervention Testing Program
of the National Institute of Aging found that a PBN analog, 4-OH-a-phenyl-N-tert-
butylnitrone, had no effect on lifespan in mice (Miller et al., 2007). If the effects of MeHg
on lifespan are in fact due to enhanced cardiovascular toxicity, it is possible that
maternal pretreatment with a single dose of PBN may protect against the shortened
lifespan by blocking MeHg-initiated molecular lesions leading to postnatal alterations in

cardiovascular innervation and/or contractility. Most of the current research on the use
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of PBN to protect against adverse cardiovascular events is directed at acute effects of
PBN in adult models administered after ischemia, reperfusion injury and stroke (review:
Floyd et al., 2008). More research, therefore, is required to elucidate the mechanism by

which PBN may counter this developmental aspect of MeHg toxicity.

4.1.4 Conclusions

In vitro studies examining the potential protective effects of PBN have provided
equivocal results. Concentrations of PBN that partially protect against increases in ROS
in astrocytes had no appreciable effect on MeHg-initiated inhibition of glutamate uptake
into these cells (Allen et al., 2001; Shanker & Aschner, 2003). | have shown, however,
that PBN does appear to protect against some of the cognitive deficits initiated by in

utero exposure to MeHg.

| have shown in these studies that a single, low dose of MeHg late in gestation can have
lasting consequences for both cognition and lifespan. The ability of the free radical spin
trap PBN to rescue the resulting cognitive deficits and potentially the shortened lifespan
suggest that ROS are involved in the mechanism of toxicity. It remains unclear,
however, whether oxidative damage to fetal DNA contributes to the mechanism of these

postnatal consequences of in utero MeHg exposure.
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4.2 MeHg and OGG1

4.2.1 MeHg, OGG1, and DNA Oxidation

As might be expected, the oggl -/- mice had higher levels of 8-oxodGuo in fetal brain
compared to wild-type mice. This suggests that cognitive and functional deficits
observed after birth may be caused in part by 8-oxodG. These results are contrary to
our previous study of these OGG1-deficient animals, in which the vehicle-treated ogg1l
-/- fetuses did not have higher levels of 8-oxodGuo than the vehicle-treated oggl wild-
type fetuses (Wong et al., 2008). Since that time, however, we have refined our protocol
using HPLC-MS/MS for quantifying 8-oxodGuo, and the 8-oxodGuo levels measured in
the vehicle-treated oggl wild-type fetuses for these studies were more than 3-fold lower
than those we previously measured. It is possible that our previous assay using HPLC-
EC may have lacked the sensitivity required to measure the differences in 8-oxodGuo
between the oggl wild-type and oggl -/- fetuses. In any event, MeHg treatment did not
increase 8-oxodGuo formation in the whole fetal brains that we analyzed using HPLC-

MS/MS.

Given the cognitive deficit observed in the MeHg-treated OGG1-deficient animals,
however, it seems likely that DNA oxidation is involved in the mechanism of toxicity of
MeHg, despite the apparent lack of increased 8-oxodGuo levels. Furthermore, we have
previously shown that oggl -/- mouse embryonic fibroblasts (MEFs) are more
susceptible to the toxic effects of MeHg than wild-type cells (Ondovcik et al., 2012,
2013b). This suggests that DNA oxidation is involved, even though we did not see

increases in 8-oxodGuo levels in our whole fetal brain samples.
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As previously discussed, the two possibilities that might account for this apparent
contradiction are that 8-oxodGuo increases occur in specific regions of interest, such as
the hippocampus, amygdala or septal nuclei, or even particular sites within specific
genes, and that | was unable to detect these differences in my whole brain samples; or
that a different DNA lesion repaired by OGGL1 is responsible for the MeHg-initiated
deficits. Previously we have shown that baselines levels of 8-oxodGuo, as well as
increases in 8-oxodGuo levels, vary across brain regions in the adult mouse after
exposure to an oxidizing agent (Jeng et al., 2006). It is possible that this occurs in the
fetal mouse, as well. OGGL1 is also vital for repairing fapyG, a ring-opened lesion (Hu et
al., 2005; Krishnamurthy et al., 2008; Liu et al., 2011). FapyG is an oxidative lesion that
is formed from the same intermediate as 8-oxodG (Munk et al., 2007). While it has not
been as extensively researched as 8-oxodG, there is increasing evidence that fapy
lesions may be increased in patients with Mild Cognitive Impairment and Alzheimer’s

Disease (Wang et al., 2005b; Wang et al., 2006).

4.2.2 MeHg, OGG1, and Cognition

The effect of MeHg on cognition in these mice was analyzed using the object
recognition test and the passive avoidance test. Using our MeHg treatment regimen, no
cognitive deficit in novel object recognition was observed in the oggl -/- mice, nor did
there appear to be any cognitive deficit due to deficient DNA repair alone. This is in
contrast to my previous studies with CD-1 mice, as well as a study in rats exposed in

utero to an 8 mg/kg dose, twice the dose that | used (Baraldi et al., 2002). Deficits in
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visual recognition have also been correlated with MeHg exposure in infants in the

United States (Oken et al., 2005).

However, we were able to detect a significant cognitive deficit in passive avoidance in
MeHg-exposed DNA repair-deficient oggl mice lacking either one or both copies of the
gene. Although the cognitive deficit initiated by MeHg was small, it is consistent with the
subtle nature of the deficits observed in exposed humans (Grandjean et al., 1997;
Debes et al., 2006). These results indicate that, despite the lack of global increase in 8-
oxodGuo levels in our fetal brain samples, DNA oxidation may play a role in MeHg-
initiated neurodevelopmental deficits. This further supports our speculation that the

fapyG lesion and/or regional differences in 8-oxodGuo levels may be involved.

These results were in contrast to my previous experiments using this same MeHg
dosing regimen in CD-1 mice, which showed that both novel object recognition and
passive avoidance performance were adversely affected after MeHg exposure.
However, | did find in those studies that pretreatment with PBN restored novel object
recognition without restoring passive avoidance performance, as with the OGG1-
deficient mice. | speculated that this might be due to PBN blocking ROS effects in a
particular region or pathway involved in both tests to a degree that would allow proper
novel object recognition, but insufficient to prevent deficits in passive avoidance
performance. This possibility is supported by previous research showing that passive

avoidance performance appears to be more sensitive than novel object recognition to



144

mild traumatic brain injury in mice (Zhao et al., 2012). If true, it suggests that in this
particular strain of mouse, the injury caused by the combination of MeHg treatment and
deficient OGG1 is relatively small. However, it may also be that our results were
confounded by inherent characteristics of this mouse strain, which arises from a mixed
C57BL/6 and 129SV background. It has been previously shown that 129SV mice exhibit
relatively high anxiogenic behaviours, and poorer performance on a number of cognitive
tests compared to other inbred strains (Brooks et al., 2005). These inherent
characteristics may have contributed to poorer performances by the vehicle-treated
animals, and it should be noted that testing parameters were adjusted for the control
animals to achieve acceptable threshold performance. This may have resulted in the
masking of cognitive deficits in the MeHg-treated animals, and in the OGG1-deficient
animals. Thus is it possible that deficient OGG1 in another mouse strain would have

resulted in a more significant MeHg-initiated deficit.

We were also able to determine that regardless of MeHg treatment, the female but not
the male oggl -/- mice were innately prone to poor performance in passive avoidance
compared to the wild-type mice. This is the first evidence that there is an innate sex-
selective tendency towards a cognitive deficit in this strain of mice. These results are
supported by previous studies in our laboratory showing that oggl -/- female mice are
more susceptible to the effects of in utero exposure to methamphetamine on motor
coordination, manifested by poor performance on the rotarod compared to wild-type
mice (Wong et al., 2008). Furthermore, there was a trend towards the MeHg-treated

female oggl +/- performing more poorly than the vehicle-treated female oggl +/-,
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further suggesting that DNA oxidation may be involved in the mechanism of toxicity,
even though no differences were observed between the MeHg-treated and vehicle-

treated mice from the oggl wild-type and -/- genotypes.

One often overlooked aspect of passive avoidance is that there are two possible causes
of what is perceived as a cognitive deficit in this test. The first is that an actual cognitive
deficit results in a decreased latency to enter the dark chamber compared to controls;
however, if a somatosensory deficit is present, it is possible that this decreased latency
is in fact due to the mice not receiving the same aversive stimulus as the control
animals. This is a particularly important distinction to make with MeHg, as numbness
and tingling in the extremities are the hallmarks of adult poisoning (Ninomiya et al.,

2005; Takaoka et al., 2008)

As we found no differences in tactile sensitivity with the von Frey filaments due to MeHg
treatment, oggl genotype or sex, we can conclude that the deficits we observed in the
passive avoidance test were truly deficits of learning and memory, and that these

deficits are caused by MeHg doses that are insufficient to cause numbness.

4.2.3 MeHg, OGG1, and the Developing Hippocampal Area
It has been previously shown that MeHg increases apoptosis in the developing

hippocampus of neonatal rats (Falluel-Morel et al., 2007; Sokolowski et al., 2011).
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Studies from our laboratory have also found that these effects were exacerbated in
oggl -/- MEFs compared to MeHg-treated oggl wild-type cells (Ondovcik et al., 2012,
2013b). Similarly, using TUNEL staining, | found that in utero exposure to MeHg
appears to increase apoptosis in the developing hippocampal area, although I did not
see any interaction between the oggl genotype and MeHg treatment at this timepoint. |
also did not find that the oggl genotype alone affected apoptosis at this developmental
stage. The apoptosis visually appears to be in the vicinity of the developing dentate
gyrus, both in the cells that have already migrated to the dentate gyrus, and in those in
the process of migrating there. The latter group may also consist of cells in the
developing alveus. Unfortunately, without the use of markers specific to these regions, it
is difficult to definitively determine which subregion is most affected. Multiple studies
have demonstrated that damage to the dentate gyrus affects passive avoidance
performance, however, and since the OGG1-deficient mice demonstrated a deficit in
this test after MeHg exposure, it seems plausible that the apoptotic cells were part of, or

migrating to, the developing dentate gyrus (Ma et al., 1998; Zhao et al., 2012).

| also found that there was a trend towards increased DNA DSBs in the MeHg-treated
samples, represented by cells positive for yH2AX. The oggl genotype did not appear to
have an effect, or to interact with MeHg treatment. These results are similar to the
apoptosis results. It may be that | failed to see a difference as cells with DNA DSBs
were already apoptotic and no longer contained yH2AX. Previously we have found that
0ggl -/- MEFs are more susceptible to DNA DSBs after MeHg exposure than their wild-

type counterparts (Ondovcik et al., 2012, 2013b). While no other in vivo studies have
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measured yH2AX formation after MeHg exposure, another organic Hg compound,

thimerosal, has been found to increase DSBs in vitro (Wu et al., 2008).

The lack of difference in TUNEL and yH2AX staining between the wild-type and -/-
animals is suggestive. Given the cognitive deficit observed in the MeHg-treated OGG1-
deficient animals, and the innate deficit observed in the vehicle-treated oggl -/- female
animals, it would not be unreasonable to expect to see a genotype effect on apoptosis
or DNA DSBs. However, without analysis over multiple timepoints, it is not possible to
definitively dismiss either of these endpoints from being involved. It is possible that
measurements at different timepoints would reveal that oggl -/- animals are more
susceptible than their wild-type counterparts after MeHg exposure, particularly as oggl -
/- MEFs in culture do exhibit increased DNA DSBs and apoptosis after MeHg exposure
compared to wild-type cells (Ondovcik et al., 2012). However, the lack of interaction
between MeHg treatment and oggl genotype in these measures, despite their
combined effect in the passive avoidance test, suggest that more subtle measures of
damage than apoptosis should be examined. Other possible effects of MeHg exposure
in OGG1 deficient animals might include abnormal cellular proliferation or migration into
the developing hippocampal region, abnormal neuronal connections or impairment of

LTP in the hippocampus.

This possibility is supported by our observations of the effect of both MeHg and oggl

genotype on cellular migration or proliferation. At this timepoint, the vehicle-treated oggl
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-/- samples had increased BrdU-positive cells in the developing hippocampal region
compared to the vehicle-treated oggl wild-type samples. However, MeHg treatment
completely abolished this increase. This suggests that after MeHg exposure, either less
cellular proliferation is occurring, or there is less migration of new cells into the
developing hippocampal region. These results are consistent with previous studies in
our laboratory using oggl -/- mouse embryonic fibroblasts plated at confluent
concentrations (Ondovcik et al., 2013b). However these results are in contrast to other
studies that have shown that mice deficient in NEIL3, another enzyme that repairs
oxidative DNA damage, have impaired hippocampal neurogenesis as adults (Regnell et
al., 2012). Results from other studies also suggest that increases in DNA oxidation are
associated with impaired neuronal proliferation or migration (Narasimhaiah et al., 2005;
Xie et al., 2008). It therefore seems possible that the increased proliferation or migration
observed in the vehicle-treated oggl -/- samples may have been a compensatory
mechanism. MeHg has been previously shown to decrease or interfere with both
cellular proliferation and migration in the developing rodent brain, including in the
developing hippocampal region (Kakita et al., 2002; Burke et al., 2006; Falluel-Morel et
al., 2007). Furthermore, exposure to similar doses of MeHg in neonatal rats have
decreased levels of cyclin D1, D3 and E, all of which are involved in G1-S phase
transition (Burke et al., 2006; Falluel-Morel et al., 2007). It therefore is possible that in
the vehicle-treated oggl -/- samples, the increased cellular proliferation or migration
occurs in response to some undetermined measure of damage caused by impaired
DNA repair, and that MeHg prevents this increase, perhaps by increased apoptosis in

migrating cells. However, since the MeHg-treated wild-type samples were not different



149

from the vehicle-treated wild-type samples, a more complex mechanism may be

involved.

4.2.4 Conclusions

| have shown in these studies that animals deficient in OGG1 are more susceptible to
the effects of in utero exposure to MeHg. This provides the first direct in vivo evidence
that DNA oxidation may be involved in the mechanism of toxicity of MeHg. Furthermore,
| have provided the first evidence of a sex-selective cognitive phenotype in this strain of
mouse, where female oggl -/- mice have impaired cognition compared to the female
oggl wild-type mice. These results confirm that protection against oxidative DNA
damage is essential for normal neurodevelopment. This suggests that differences in
DNA repair status in general populations may affect cognitive development, resulting in
a varied spectrum of neurodevelopmental effects. Currently, there have been no studies
examining genetic differences that may explain why children from the Faroe Islands
exposed in utero to MeHg are susceptible to deficits in learning and language, while
children from the Seychelles Islands are not. Similarly, there have been no studies
examining the effect of OGG1 polymorphisms on childhood neurodevelopmental
parameters. It is possible that these differences, in addition to exposure to different
levels of other nutrients in utero, such as w3 fatty acids, may contribute to the conflicting

results observed in the Faroe Islands and Seychelles Islands populations.
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4.3 MeHg, PBN, and OGG1

The conclusions | have drawn from my studies with MeHg and PBN, and with MeHg
exposure in OGG1-deficient animals are consistent. Taken on their own, the DNA
oxidation quantification and cognitive tests in the MeHg and PBN studies suggest that
DNA oxidation is not involved in the mechanism of toxicity, though not conclusively.
Although my cognitive tests in the OGG1-deficient animals suggest that oxidative
damage to DNA is in fact involved in the mechanism of toxicity, the results from the
DNA oxidation study in these mice confirm what | showed in the CD-1 animals treated
with MeHg; namely, that there is no increase of 8-oxodGuo in whole brain samples. As |
discussed earlier, the two likely explanations for this are that regional or local increases
in 8-oxodG are responsible for the cognitive deficits, or that another lesion that is

repaired by OGG1, such as fapyG, is responsible.

In the MeHg and PBN studies, | found that MeHg exposure resulted in cognitive deficits
in both novel object recognition and passive avoidance, but that pretreatment with PBN
improved only novel object recognition. In the oggl knockout strain, however, | did not
find any cognitive deficit in novel object recognition, regardless of MeHg treatment,
0ggl genotype or sex. | did find that OGG1-deficient animals were sensitive to MeHg
exposure in passive avoidance, and it appeared that the females may be particularly
susceptible to cognitive deficits. The results from the MeHg-exposed OGG1 deficient
animals are similar to those from the PBN-pretreated MeHg-exposed CD-1 animals,
suggesting that this MeHg exposure in the OGG1-deficient animals may result in similar

neurological injuries as the PBN-pretreated MeHg-exposed CD-1 animals. Furthermore,
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these results suggest that although | did not observe any changes in DNA oxidation
after MeHg and PBN exposure, PBN may still have protected against MeHg toxicity by
trapping ROS. Previously, | discussed the possibility that the pretreatment with PBN
might sufficiently protect the developing brain to block the MeHg-initiated deficit in novel
object recognition, but not sufficiently to maintain normal passive avoidance. It therefore
is possible that in the OGG1-deficient animals, MeHg exposure causes sufficient
damage to affect passive avoidance, but not enough to affect novel object recognition.
However, this would suggest that the background strain of the oggl mice is less
susceptible to MeHg than the CD-1 mice. The oggl knockout animals are from a mixed
C57BL/6 and 129/SV background (Klungland et al., 1999). C57BL/6 mice have
repeatedly been shown to be susceptible to MeHg, generally at higher doses than the
one | employed (Doré et al., 2001; Goulet et al., 2003). One study in C57BL/6 mice
showed severe motor coordination deficits, decreased exploratory behaviour and
memory deficits in the Morris water maze with a cumulative maternal dose of 0.11
mg/kg (Montgomery et al., 2008). This dose is more than 30-fold lower than the dose |
used; however, these results contradict previous studies showing that higher doses of
MeHg had no effect on the rotarod test and little to no effect in the open field test (Doré
et al., 2001; Goulet et al., 2003). While 129/SV mice are less commonly used in MeHg
studies, they are susceptible to structural deficits and embryolethality after higher doses
of MeHg (Spyker & Smithberg, 1972). This would suggest that the lack of measurable
toxicity in the oggl wild-type animals was not due to a lack of susceptibility in the mouse

strain.
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Another possibility is that the relatively poor baseline performance of the oggl wild-type
animals decreased the sensitivity of the cognitive tests | used. For both the object
recognition test and the passive avoidance test, the testing parameters for the oggl
mice were changed to allow the wild-type animals to achieve acceptable baseline
scores (Appendix 2, figs. A2.1 and A2.2). Itis possible that this poorer cognitive
performance may have made it more difficult to discern subtle cognitive deficits, and
that in a different mouse strain deficient in OGG1, a greater apparent susceptibility to
MeHg would have been seen. This possibility is supported by a previous study showing
that 129SV mice both have higher anxiogenic behaviours and require more training to
learn a number of cognitive tests (Brooks et al., 2005). Furthermore, previous studies
have also shown that C57BL/6J mice perform poorly at passive avoidance (Mathis et
al., 1994). Though there are studies that show that the F2 offspring of 129SvxC57BL/6
mice have improved baseline performance over both parent strains in the Morris water
maze, these colony conditions are different from ours and may not accurately reflect the
behaviour of our mice (Wolfer et al., 1997; de Bruin et al., 2006). Furthermore, because
those models were bred to select for mutations in genes other than oggl, it is possible
that the genetic predisposition to poor cognitive behaviour was lost in those models, but

not ours (Gerlai, 1996).

It does not seem surprising that the MeHg-initiated deficits in these mice were not
especially severe, given that the deficits observed in humans with low, chronic exposure
are also quite subtle. In the Faroe Islands, there appears to be a consistent negative

effect of MeHg exposure on a small number of parameters, including language memory
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and fine motor coordination, that persists at least until adolescence (Grandjean et al.,
1997; Debes et al., 2006). This effect, however, is not large. Until recently, findings in
the Seychelles Child Development Study suggested that MeHg had no adverse effect
on neurodevelopment, and have sometimes been used as evidence that MeHg is of
little concern (Stern et al., 2004; Davidson et al., 2011). It now appears that high
consumption of LCPUFA may mask subtle developmental toxicity (Strain et al., 2008;
Stokes-Riner et al., 2011). A number of studies from other populations, including Spain,
the United States, and Hong Kong, have all shown subtle but significant deficits (Oken
et al., 2005; Freire et al., 2010; Lam et al., 2013). Furthermore, | employed a single, low
dose of MeHg in order to be able to study the initiation of toxicity instead of downstream
secondary and tertiary responses to MeHg exposure. Had | conducted subchronic or
chronic studies, it is possible that the deficits | observed would have been more
significant. This would have allowed me to potentially target a different gestational day
that might have resulted in a stronger deficit. | chose GD 17 because previous studies in
our lab showed that in these mice, OGGL1 activity was significant at this developmental
age (Wong et al., 2008). This gestational age is slightly after the peak of cellular
proliferation for the developing hippocampus in mice, so it is possible that an earlier
exposure would cause a more substantial deficit (Angevine, 1965). This might be of
particular importance as the dose | used was among the lowest used in MeHg studies in
mice (Kim et al., 2000a; Doré et al., 2001; Goulet et al., 2003; Onishchenko et al., 2007,
Gao et al., 2008; Yoshida et al., 2008; Liang et al., 2009). Although | was unable to
measure MeHg levels in the fetal brains after exposure, previous studies in mice where
MeHg levels have been measured suggest that the dose | used would produce

achievable, but high MeHg brain levels in humans (Burbacher et al., 1990; Doré et al.,
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2001; Goulet et al., 2003). However, a direct comparison of MeHg concentrations
across species is likely not appropriate, due to species differences in metabolism, half-
life, and susceptibility, and an estimate based on dose-translation calculations for
differences in body surface area suggest that human exposure would be approximately
10% of mouse exposure (Reagan-Shaw et al., 2008). Based on this estimate, the dose |
used translated to humans would represent a reasonably achievable dose. Regardless
of the size of the deficit, however, my results showing that PBN was capable of rescuing
some of these deficits, and that the OGG1-deficient animals were more susceptible,
introduce interesting possibilities for subpopulations of people who may be at increased
risk of exhibiting MeHg-initiated neurodevelopmental toxicity. Although it may be difficult
to analyze study subjects for impaired DNA repair or antioxidant enzymes, it is

important to note that either of these may contribute to increased susceptibility.

4.3.1 Conclusions

| hypothesized that ROS, and oxidative damage to DNA in particular, are essential
components of the mechanism of toxicity of MeHg. | also hypothesized that, as a
consequence, pretreatment with the free radical spin trap PBN would protect against
neurodevelopmental deficits caused by MeHg, and that impaired DNA repair in the
fetus, represented by mice lacking OGG1, would result in animals that were more
sensitive to the toxic effects of MeHg. In my studies, | have shown that pretreatment
with PBN protects against some of the cognitive deficits caused by in utero exposure to
MeHg, which suggests that ROS may be involved. However, by showing that OGG1-

deficient animals are more sensitive to the toxic effects of MeHg, | have provided the
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first direct evidence that ROS, and more specifically, oxidative damage to DNA, may be
involved in the mechanism of toxicity. Furthermore, | have shown in female ogg1l -/-
mice that impaired DNA repair can result in cognitive deficits regardless of treatment
with MeHg. Taken together, the results from my studies suggest that when considering
populations that may be at risk of neurodevelopmental deficits, we must consider that
individuals with deficient DNA repair may be peculiarly at risk, both to
neurodevelopmental deficits caused by in utero exposure to ROS-initiating xenobiotics,

but also to those caused by endogenous sources of oxidative DNA damage.

4.4 Future Directions

The purpose of my thesis was to determine if ROS and DNA oxidation are involved in
the mechanism of toxicity caused by in utero exposure to MeHg. | have shown that
pretreatment with a free radical spin trap protects animals from cognitive deficits
initiated by MeHg treatment, and that there may also be protective effects on long-term
survival. Similarly, animals deficient in the repair of oxidatively damaged DNA were
shown to be more sensitive to the long-term cognitive effects of MeHg, and under
certain conditions, animals deficient in DNA repair are more sensitive to cognitive
deficits regardless of treatment. However, more work is necessary to illustrate the

details of how DNA oxidation contributes to MeHg-initiated toxicity.

| was unable to show that MeHg treatment resulted in increased global levels of 8-

oxodGuo in my fetal brain samples. However, since the oggl +/- and -/- DNA repair-
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deficient animals demonstrated a cognitive deficit after treatment with MeHg, | was able
to conclude that DNA oxidation may be involved. Since oggl is essential for the repair
of 8-oxodG and fapyG, it seems likely that one or both of these lesions is involved in the
pathogenic mechanism. As 8-oxodGuo levels remained unchanged in the whole brain
samples we analyzed, the next logical step would be to analyze 8-oxodG levels within
regions of the brain. In the adult mouse brain this can be achieved by microdissecting
the brain and analyzing each region separately using the methods | used for the whole
fetal brains. However, microdissecting the developing fetal brain and obtaining enough
tissue for analysis with HPLC-UV and HPLC with tandem MS is impractical. While we
have had little success previously with immunohistochemistry using antibodies for 8-
oxodG, immunohistochemical localization is a potentially fruitful approach to consider,
particularly in light of my analysis with TUNEL and antibodies for yH2AX and BrdU.
Costaining with these antibodies will help to establish whether 8-oxodG is a pathogenic
lesion, or whether any increases in 8-oxodG levels are incidental to the mechanism of

toxicity.

Another possibility is that fapyG is the primary lesion involved in the mechanism of
toxicity. Although less is known about fapyG, it can be quantified by gas
chromatography/ mass spectrometry (GC/MS) (Jaruga et al., 2000). However, if the
crucial changes in DNA oxidation are in fact formed in specific brain regions or genes,
as | have suggested for 8-oxodGuo, GC/MS of whole fetal brain samples may not be

adequately sensitive and may require too much tissue (Liu et al., 2010). There does not
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appear to be a commercial anti-fapyG antibody at this time, but in the future it would be

a valuable addition to these studies.

Ideally, these studies would be done in concert with expanded studies into the cellular
consequences of MeHg exposure. Though | was able to demonstrate that MeHg causes
increased apoptosis in the developing hippocampal region, and that DNA DSBs are also
likely increased, a time course after MeHg exposure might be more informative,
particularly in regards to the effects of genotype in the oggl -/- samples. Furthermore,
as | observed previously, it would be helpful to identify which subregions of the
hippocampus are primarily affected; markers for the dentate gyrus would be particularly
useful, as this seemed to be the region most affected by MeHg exposure. Costaining to
determine which, if any, cell types are peculiarly sensitive, such as neuronal targets of
dopaminergic or cholinergic neurotransmission or astrocytes, would help us to further
understand the mechanism of toxicity. Additionally, there are other brain regions that
seem likely to be affected by MeHg, given that | was able to show cognitive deficits in
passive avoidance, including the amygdala, and potentially the septal nuclei
(Roozendaal et al., 1993; Elvander-Tottie et al., 2006). Examinations of histological
changes at later timepoints, perhaps in the first two weeks after birth, would help us to
understand the consequences of increased apoptosis and changes in cellular
proliferation or migration. It has been previously established that in utero and neonatal
exposure to MeHg cause decreased hippocampal volume and neuronal number in the
developing hippocampus (Kakita et al., 2000; Falluel-Morel et al., 2007; Falluel-Morel et

al., 2012). Fetal Minamata Disease, although caused by much higher levels of MeHg, is
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also characterized by smaller brain size and atrophy (Harada, 1978). If it appears that
more subtle effects may be occurring, we have previously discussed the possibility of
collaborating with Dr. Zhengping Jia at the Hospital for Sick Children to study effects on
LTP and pre-pulse facilitation in the CA1 region of these animals at 4 months of age,

when | have been able to show deficits in cognition.

One important factor in my project is the single dose of MeHg that | used in order to
determine whether DNA oxidation was a direct consequence of exposure, or a
secondary effect. Our primary route of exposure, however, is low, chronic, and not
necessarily regular. Using a chronic route of exposure, therefore, would give a more
accurate picture of the true risks associated with decreased DNA repair in the oggl -/-
mice. While | was able to show a small, significant cognitive deficit in the OGGL1-
deficient animals after a single dose, we may find that with chronic exposure, these

deficits are exacerbated.

If possible, these studies with chronic administration should be continued to determine
the effects of MeHg on lifespan, and to see whether the ogg1l -/- mice are more severely
affected. Though it was initially unexpected, the observation that MeHg might have
decreased lifespan in the MeHg-treated CD-1 litter that was followed to 16 months was
one of the most interesting and novel outcomes of the MeHg and PBN studies.
However, due to time and financial constraints, | was unable to follow up on this study

with additional litters. This initial observation should be expanded on, particularly as the
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PBN-pretreated group had a lifespan closer to the vehicle-treated animals, in contrast to
the shorter lifespan observed with the litter treated with MeHg alone. There is growing
evidence for long-term cardiovascular risks after MeHg exposure both during
development and in adulthood (Sgrensen et al., 1999; Grandjean et al., 2004; Choi et
al., 2009; Roman et al., 2011). As | discussed earlier, it seems plausible that a vascular
event may have been the cause of death for some of the MeHg-treated animals, as
there were no signs of illness prior to death. Furthermore, it is suggestive that one of the
animals was found with a large quantity of blood in the abdomen, perhaps due to a
ruptured vascular aneurysm. It would therefore be instructive to follow these animals to
determine if they have any signs of increased cardiovascular risk, including increased
blood pressure and heart rate, and decreased heart rate variability (Thireau et al., 2008;

Feng & DiPetrillo, 2009; Ho et al., 2011).
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Control Control+PBN MeHg MeHg + PEN
Age Cause of Age Cause of Age Cause of Age Cause of
(mth) Death (mth) Death (mth) Death (mth) Death
4 Unknown 10 Cage 7 Unknown 3 Dermatitis
flooded
10 Unknown 10 Cage 8 Unknown 4 Unknown
flooded
10 Cage 9 Unknown 8 Infected tail
flooded
12 Unknown
13 Unknown
15 Lung
tumour
15 Dermatitis
16 Unknown -
blood-filled
abdomen
16 Liver
tumour

Table Al.1: Causes of death in CD-1 mice treated with MeHg and PEN
Animals with causes of death designated unknown were found during routine cage checks with no
obvious pathologies. One animal found dead was found on postmortem examination to have a large
guantity of blood inthe abdominal cavity. Animals with dermatitis, infected tail, and tumours were
euthanized for quality of life endpoints. See page 138 for commentary.
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Figure Al.1l: DNA Oxidation in CD-1 mice treated with MeHg

Pregnant CD-1 dams were dosed on GD 17 with 0, 4, or 8 mg/kg i.p. MeHg. Fetal brains were
collected 2, 6, and 12 hr after MeHg treatment and analyzed using HPLC-UV to quantify
deoxyguanosine and HPLC-EC to quantify 8-oxo-dGuo, based on a method by (Ravanat et al. 2002).
Mice exposed to 4 or B mg/kg had increased levels of DNA oxidation at & hr after MeHg exposure.
* denotes a difference from the control group at the same timepoint. (x) = number of fetuses. See
pages 94, 95, 101, and 136 for commentary.
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Figure Al.2: Novel object recognition in 4 week-old CD-1 mice treated with MeHg
Pregnant CD-1 dams were dosed on GD 17 with 0 or 4 mg/kg i.p. MeHg. Offspring were tested for
novel object recognition using the method described in section 2.4. No differences in novel object

recognition were observed between control and MeHg-treated progeny. (x) = number of offspring.

See page 98 for commentary.
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Figure Al.3: Passive avoidance learning in 7 month-old CD-1 mice treated with MeHg

Pregnant CD-1 dams were dosed on GD 17 with 0 or 4 mg/kg i.p. MeHg. Offspring were tested for
passive avoidance learning using the method described in section 2.5. Results shown are for the third
trial. MeHg treated mice exhibited a significant cognitive deficit. * denotes a difference from the
control group p < 0.05. (%) = number of offspring. See page 100 for commentary.
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Figure Al.4: Comparison of DNA oxidation in CD-1 mice exposed to MeHg and PBN and oggl mice
exposed to MeHg

A. Pregnant CD-1 dams were dosed on GD 17 with 0 or 4 mg/kg i.p. MeHg with or without
pretreatment with 45 mg/kg i.p. PBN. B. Pregnant heterozygous oggl dams were dosed on GD 17
with 0 or 4 mg/kg i.p. MeHg. Fetal brains were collected 6 hr after MeHg exposure. 8-oxodGuo was
measured using HPLC with tandem MS and dGuo was measured using HPLC-UV. Oggl knockout
animals had higher levels of DNA oxidation than oggl wild-type animals. No other differences were
observed between any other groups. * denotes a difference from the wild-type offspring with the
same treatment. (x) = number of offspring. See page 136 for commentary.
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Appendix 2: Optimization of Behavioural Tests for ogg7 Mice
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Figure A2.1: Comparison of novel object recognition in vehicle-treated oggl wild-type mice aftera
3 minute familiarization trial and a 5 minute familiarization trial

Pregnant heterozygous oggl dams were dosed on GD 17 with 0 or 4 mg/kg i.p. MeHg. Offspring were
tested for novel object recognition at & weeks of age. After pilot testing, it was determined that a 5
minute familiarization trial was required for optimal baseline performance for the vehicle-treated
oggl wild-type mice. For comparison, the performance of the vehicle-treated CD-1 mice aftera 3
minute familiarization trial is indicated on the right side of the graph. (x) = number of offspring. See
pages 96 and 152 for commentary.
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Figure A2.2: Comparison of passive avoidance learning in vehicle-treated oggl wild-type mice after

3 trials and after 5 trials

Pregnant heterozygous oggl dams were dosed on GD 17 with 0 or 4 mg/kg i.p. MeHg. Wild-type
offspring were tested for passive avoidance learning at 4 months of age. After pilot testing, it was
determined that 5 trials were necessary to optimize baseline performance for the vehicle-treated
oggl wild-type mice. For comparison, the performance of the vehicle-treated CD-1 mice after 3 trials
is indicated on the right side of the graph. (x) = number of offspring. See pages 98 and 152 for

commentary.
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