The Distribution and Speciation
of Trace Elements in Bovine Ovaries

using Synchrotron Technigues

Melanie Jasmine Ceko
School of Chemistry and Physics

The University of Adelaide

Supervised by Associate Professor Hugh Harris and Professor Raymond

Rodgers

A thesis submitted to The University of Adelaide for the degree of Doctor of
Philosophy

August 2014

THE UNIVERSITY

o ADELAIDE







Declaration

Declaration

| certify that this work contains no material which has been accepted for the award of any
other degree or diploma in my name, in any university or other tertiary institution and, to the
best of my knowledge and belief, contains no material previously published or written by
another person, except where due reference has been made in the text. In addition, | certify
that no part of this work will, in the future, be used in a submission in my name, for any other
degree or diploma in any university or other tertiary institution without the prior approval of
the University of Adelaide and where applicable, any partner institution responsible for the
joint-award of this degree.

| give consent to this copy of my thesis when deposited in the University Library, being
made available for loan and photocopying, subject to the provisions of the Copyright Act
1968. The author acknowledges that copyright of published works contained within this thesis
resides with the copyright holder(s) of those works.

| also give permission for the digital version of my thesis to be made available on the
web, via the University’s digital research repository, the Library Search and also through web
search engines, unless permission has been granted by the University to restrict access for a

period of time.

Melanie Jasmine Ceko

25 August 2014






Acknowledaements

Acknowledgements

I would like to begin by acknowledging my principal supervisor Associate Professor Hugh
Harris. I still remember the day way back in 2010 when | sneakily departed my day job to
wander over to the University and meet you for the first time. It was perhaps with a leap of
faith that you agreed to take on a student whose undergraduate skills lay in foundations design
and water engineering, on a project that would look predominantly at the role of trace metals
in bovine ovaries. | thank you for this and for your strategic guidance throughout my
candidature, which ensured I rarely executed an experiment that did not produce publishable

results.

To Professor Ray Rodgers: our first meeting involved a coffee and a discussion of our
favourite cardio classes at local gyms. To say your manner was far removed from the
pompous professor | was expecting would be an understatement. Thank you for giving your
time and resources to a project which was as interdisciplinary as it was unique. Thank you
also for bridging a huge gap in my biology knowledge and providing efficient feedback on the

work | produced throughout my candidature.

To Katja, Nick and Wendy, and other members of the Robinson Research Institute who |
intermittently shared some lab space or a piece of cake with; thank you. Your dedication to
my research and the professional manner with which you applied your skills was truly
admirable. Thank you for the ridiculously early mornings you spent collecting my ovaries on
the slaughter floor, for your patience in the lab, for your amazing figure creation skills which
transformed my manuscripts from Year 6 assignment standard to international scientific

journal standard ('), and most importantly, thank you for your friendships.



Acknowledaements

To team HHH including: Jade, Jason, Sophie, George, Gemma, Tiffany and especially
Claire. I know that in the latter half of my candidature | did not spend a great deal of time in
the office but merely knowing that a select group of individuals could empathise with the
highs and lows of beam time and subsequent data analysis, somehow made the challenging
times of my candidature easier to bare. Thank you Claire for always replying to my, at times,
convoluted email queries and for being able to ease my battles with such programs as

EXAFSPAK and GeoPIXE.

To the Checking Crew consisting of: Tom, Hayley, Denise and Ka, you serendipitously
floated into my life at a time in my candidature when | was yearning for less data analysis and
more human interaction. Little did I know that such a mundane task of adding up marks on
thousands of exam scripts would bring the joyful side of company coupled with a fine balance
of amusing and intelligent banter. 1 wish you all the very best in completing your own theses

and know that | have endless empathy for your trials and tribulations.

To the Australian Synchrotron beamline scientists who undoubtedly saw me at my sleep
deprived worst: Dr Chris Glover, Dr Martin de Jonge, Dr David Paterson, Dr Daryl Howard,
Dr Kathryn Spiers and Dr Simon James, thank you for your wisdom and patience and for
being surprisingly responsive when it came to me sending follow up emails months after the

beamtime had ended.

To Cibo Espresso (Norwood, Rundle Street, The Avenues, Melbourne Street, and Henley
Beach): I have lost count of the number of hours I have sat slowly sipping my grande soy latte
and diligently chipping away at whatever PhD task was the flavour of the day/staring out the

window and imagining myself chipping away at my PhD. There is no denying that |

Vi



Acknowledaements

frequently overstayed my welcome in your café but thank you for never once alerting me to
this. Thank you for providing service with a smile, a consistently smooth latte, and for
immediately replacing my beverage (at no extra charge) on the day | was so stressed that |

spilt my original order over my lap top.

To Mum, Dad and my little bro, Luke (aka Ralph): your unwavering support of absolutely
every challenge | take on in my life, and the genuine pride you exhibit when explaining those
challenges to family and friends is beyond appreciated. Thank you for the weekly check-ins,
the delicious home cooked meals, and the takeaway packs of love which would often provide

me with lunch and dinner for an entire week. xx

Finally, my heartfelt gratitude goes to Jason. Over the last 6+ years | have definitely had
some crazy ideas and at times, some delusions of grandeur, the least of which was the decision
to quit a well-paid government job and go back to university to do a PhD. Thank you for
listening to incessant updates about how my experiments were progressing, for advising me
on the most appropriate statistical test to use, for gently reminding me when it was time to
close down the lap top and take a break and, in the words of Tim Freedman, “thank you for

loving me at my worst”. xx

| dedicate this thesis to the thousands of asylum seekers currently detained in offshore
processing centres, particularly those in Nauru. There were times during my candidature when
| felt overwhelmed, uninspired, and even frustrated by the tasks | was undertaking.
Contemplating your lives almost instantly put my situation into perspective and for this | am

both grateful and sorry. May you be granted the freedom you so deserve.

Vil






Table of Contents

Table of Contents
DECIATATION ...t b e bbbt e bbb bt iii
ACKNOWIBAGEMENTS ...ttt %
TaDIE OF CONTENTS ...t sb e e sre e beenbesneenne s IX
N 0] 1 - (0! TSR PPPRTRN XiX
Linkage DEtWEEN Chapters.........cccviiiiiiiii it re e XXi
Chapter 1: INTrOAUCTION ..ot 1
1.1.  The role of trace elements in DIOIOGY.........ccceiieiiiiiiie e 3
1.1.1. Bromine as an essential element..........ccoviieiieii e 4
1.1.1.1. Biological activity of brominated SPECIES ..........cccerireiieiiieiese e, 5
1.1.1.2. Bromine byproducts and reproduction ............cccceevvevieiiieiiie e 6
1.1.2.  Copper as an essential element...........cccocvviiieiii i 7
1.1.2.1.  Copper’s bioavailability and absorption .................cccccuveviiiviiiiiiiiciienn 8
1.1.2.2.  Copper and reprodUCTION...........ccoiiiiririeieeee s 10
1.1.3.  Ironas an essential element ..........c.ooveiii e 11
1.1.3.1.  Iron’s bioavailability and abSOTDION .............ccccuvoeiiiiiiiiiiiieiiiese e 12
1.1.3.2.  1ron and reprodUCLION ..........ciiiiiie it 14
1.1.4.  Selenium as an essential eleMEeNt..........ccooiiiiiiii i 15
1.1.4.1.  Selenium’s bioavailability and abSOrption ................ccccoccvviiiiiiiiieiiiiininns 16



Table of Contents

1.1.4.2.  Selenium and reproduCHION ..........ccocuiiiriieienie e 17
1.1.5.  Zinc as an essential lement ... 19
1.1.5.1.  Zinc’s bioavailability and abSOrPON ..............ccccccecviviiiiiiiiiniie e 20
1.1.5.2.  ZINC and reprodUCTION..........cueieerieiie et e e ste et re e 22
1.2. Role of trace metals in female reproductive function..........c.cccccccevvvevv i, 23
1.3. The bovine ovary as a model for studying female reproductive function ................. 24
1.4.  Techniques for analysing trace elements ...........cccooererineninencs e, 28
1.4.1.  X-ray fluOreSCeNCE IMAGING.......coviriiriiitiiiiiii e 29
1.4.1.1. Applications of XRF imaging to biological systems ............cccccovevvereieenenn, 30
1.4.2.  X-ray absorption SPECLIOSCOPY ...cveeveeiveerieirieirieiesiesteetesreesteeaesraesreeeesreenreaneeas 31
1.4.3.  Synergy of XRF imaging with other methods............ccccooeiiiiiiniiiiccee, 33
1.4.3.1.  Inductively-coupled plasma mass SPECIrOMetry .........ccovverereienenieeieiee. 33
1.5, AIMS OF thiS TESEAICN........iitiiiiiiiiieee e 34
1.6, RETEIBNCES ... oo 36

Chapter 2: Speciation of Cu in a range of food types by X-ray Absorption

Y 01103 1 oo 0] o )PP PR TP 47
Statement of AUTNOFSNIP ..o 48
ADSTIFACT ..ottt bbbt 50
Lo INEFOTUCTION. ..ottt bbb bbbt b nre 50



Table of Contents

2. Materials and MEthOAS ..........ccoiiiiiiii e 51
2.1.  Selection of Cu rich fO0d SAMPIES .......c..oiviiiiiiiiiiiee e 51
2.2. Preparation of samples for ICP-MS and reagents USed...........cccceeevveveeiieseesesiennnnns 51
2.3. Digestion protocol for ICP-MS including instrumentation and reagents................... 51
2.4. Preparation of samples for XAS and beamline operating conditions ........................ 51
3. RESUIS @Nd AISCUSSION ...ttt 52
3.1.  Quantification of Cu by ICP-MS and comparison with published values................. 52
3.2. Speciation 0f CU DY XAS ... e 52
4. CONCIUSIONS. ...tttk b ettt b ettt bbb n et nn e 53
ACKNOWIEAGEMENTS ...t et e et s re e re et e neesre e e e 54
RETEIENCES ...ttt bbbt bttt st bt 54
SUPPIEMENTANY TATA. ... .c.eiiiieieie bbb 55

Chapter 3: Distribution and speciation of bromine in mammalian tissue and fluids by

X-ray fluorescence imaging and X-ray absorption SPectroSCOPY........ccccevvveivveerverveanne 61
Statement of AUTNOISNIP c....oviii 62
ADSEFACT. ... 65
INEFOAUCTION ...t bbbttt bbb 65
Biological activity of brominated SPECIES. ........ccviiiiiiiiiieee e 65
Bromine in nature and from anthropogeniC SOUICES .........ccuuirieierierieresie e 66

Xi



Table of Contents

Bromine toxicity in mammalian SYSTEMS .......ccoiiiiiiiiiie e 66
Speciation of bromine in terrestrial and mammalian SYSteMS .........cccocveveiiieiieeriesieneeee e 67
EXPEFIMENTAL......c.oiiiiiiice et et e et e e sreeeenre e 67
Sample collection and preparation for XRF analysis ...........ccccoeviiiiiieniiienecie e 67
Sample collection and preparation for ICP-MS analysis..........ccccceeveiveieiiieieeie e 67
Sample collection and preparation for XAS analysiS.........ccccoeviiiiiniiie i 68
Preparation of standard Solutions fOr XAS ..o, 68
Instrumentation and operating CONAITIONS .........cccoiiriiiiiiieice s 69
D LSS 69
Microwave digestion and ICP-MS analysis ..........cccevviiiieeie i 69
KAS et Lot h ettt et e et et et re b et e e aena et neere e 69

Analysis of bovine ovarian tissue by liquid chromatography-tandem mass spectrometry

(O Y 17 Y/ TSSO 69
RESUITS AN AISCUSSION ...ttt 70
Distribution of bromine in bovine ovarian tissue by XRF imaging ........ccccoecevvvevveiieennnnnn, 70
Quantity of bromine in mammalian fluids by ICP-MS ..........c.coooiiiiii e 71
Identification of bromine in mammalian tissues and fluids by XAS..........ccccooeiiiiiiiieene. 72
Compilation of bromine StANArdS...........cccviiiiiiiiii e 72
Comparison of bromine XANES aCr0oSS SPECIES ........ccuiiiririirieiieieiie et 72
Principal component analysis of XANES SPECIIA ........cccoririiiiiiiiieiee e 74

Xii



Table of Contents

(@07 0] 111 o] o H PRSP PRUPRORTRN 75
ACKNOWIBAGEMENTS ... 75
RETEIEINCES ... ettt bbbt b b et e bbb e st bt 76
Supplementary Material...........cccooiiiiiiie e 78

Chapter 4: Localization of the Trace Elements Iron, Zinc and Selenium in Relation to

Anatomical Structures in Bovine Ovaries by X-ray Fluorescence Imaging ................. 87
Statement of AUTNOISNIP .....ovoii e 89
ADSTFACT. ...ttt 91
KBY WOKS ...ttt ettt et et e et e st e et e e se e e be e be e st e sre e teenbeaneesreeneennee e 91
INTRODUGCTION ..ottt e 92
MATERIALS AND METHODS ... 94
Sample Collection and Preparation for XRF ANalySiS .........cccooeiiiieiiieiiiieseeeseene e 94
Classification Of FOIICIES .........co.oiiiiiiii e 95
Instrumentation and Operating CoONAItIONS.........c.civiiiieiii e 96
RESULTS AND DISCUSSION ...t 97
Distribution of Fe, Zn, and Se in the BoVINE OVary .........cccccovieiieiiie e 97
Elevation of Zn in Capillaries and Arterioles ... 99
Localization of Fe t0 COrpora LULEA.........ccueiiiiieiiriesie st 103
Elevation Of FE iN WVESSEIS .......oiii e 104



Table of Contents

Elevation of Zn around FOINCIES ..o 104
Localization of Se around Large Antral FOIICIES.........cccooviiiiiiiiiiiie e, 107
CONCLUSIONS ... et e et r e e nne e 108
ACKNOWLEDGEMENTS ...t 109
REFERENGCES ...t 110
SUPPLEMENTARY MATERIAL ... 113

Chapter 5: Quantitative elemental analysis of bovine ovarian follicles using X-ray

FIUOFESCENCE TMAGING ....eiviiiiii e e e 117
Statement Of AULNOISNIP .....oovviiecec e 119
N 1] £ =T OSSPSR 121
] 8o To [ o4 T o PSS 121
EXPEITMENTAL ..ot 122
Sample collection and preparation for XRF analysis .........ccccceveriieiinininiieieceeen, 122
Classification Of FOIICIES ..........oiiiiii s 122
Instrumentation and beamline operating coNditionS............cccooveiieiiiiiie e 123
Quantitative analysis Within GEOPIXE V6.4Q........cccooviiiiiiiiiic e 123
Statistical analySis OF GaLA..........ccoviiriiiie e 124
RESUITS AN AISCUSSION .......veiiieiicieiieecie ettt esreenaeaneenneeneas 124
One way analysis of variance (ANOVA) iN EXCEl .........cccoviiiiiiiiiiieee e 124

Xiv



Table of Contents

Principle component analysis (PCA) in the Unscrambler X10.0.1 .......cccoovviniiiinncninne. 125
Critique OF the ANAIYSIS ..o 128
CONCIUSIONS ...ttt et e ettt e et n e nb e 129
ACKNOWIEAGEMENTS ...t ste e e reenee e e nre s 129
NOTES AN FEFEIENCES ...ttt 129

Chapter 6: X-Ray Fluorescence imaging identifies a role for selenium in bovine female

FEPrOdUCTIVE TUNCTION ...ttt 131
Statement of AUTNOISNIP .....ovoiii 132
AB ST R A CT ettt n e 135
INTRODUCTION ..o 136
RESU LTS et b ettt et e s b e e et e e e bt e et e e abb e e beesnbeennee e 140
XRF imaging of bovine TOIIICIES .........ccoviiiiiei 140
Quantification of Se USING ICP-MS ... 142
ANalysis Of MICIOArTaY GatA..........ccueiiieiieiiieiie e 143
PCR 0Of granulosa CDNAL.......c.ooi ettt e e e et 144
Immunohistochemical localization of VIMP in ovarian SeCtions............cccccovvvviniiinnnnnns 145
Detection of GPx1 in different follicular cell types..........ccoveiiiiiiiiiiiie e 147
DISCUSSTON ...ttt ettt b et e s b e et e e sbe e e beeareeebeesnbeenneeanee 148
ACKNOWIBAGEMENTS ...t 154

XV



Table of Contents

AULNOT CONTIIDULIONS ... s 154
Competing fINANCIAL INTEIESTS ........oouiiiiiiii s 154
ONLINE METHODS ...t 155
Sample collection for XRF @nalySiS .........ccoueiiiiiiiiiiiieieec e 155
Sample collection for ICP-MS @nalySiS........cccuevuiiiiiiiiieieeie e 155
Histology and preparation of tissue for XRF analysis..........ccccoviiiiiininiiiniiieeees 156
Classification Of TOHCIES ..........ooviiiiei e 156
XFM beamline operating CONGITIONS ..........coiiiiieieieieie e 156
ICP-MS of granulosa and thecal cells, and corpus TUteUM ..........ccocoeiieiiecie e, 157
MICIOAITAY ANAIYSIS ...c.veeiiiie et re e te e sreenreereesreeee s 158
RNA extraction and CDNA SYNTNESIS ........couiiiiiiiiiie e 159
Quantitative real time RT-PCR ... e 160
SEALISTICAL ANAIYSES ...t 160
IMMUNONISTOCNEMISIIY ... 161
Protein extraction and Western immunoblotting...........cccocveiieiiiiic e 162
RETEIENCES ... 165
Supplementary INfOrMAatioN...........coooiiiiiii e 169

Chapter 7: Application of Principal Component Analysis to large X-ray Fluorescence

IMAGING JATASETS ... e.eieieieieieie ettt bbbttt sb bbb s 171

XVi



Table of Contents

T Lo ADSITACT ... 173
7.2, INEFOTUCTION ...ttt 173
7.3 IMBENOUS. ... s 175
7.3.1.  SAMPIE COHBCHION......cciiciic et 175
7.3.2.  Tissue preparation for XRF IMaging .......cccccueiieiieiiieiicie e 176
7.3.3.  Beamline operating CONAITIONS ..........cooiriiiiiiiieieieeee s 176
7.3.4.  Preparation of data and software employed for PCA ..., 176
7.3.5.  Interpretation Of FESUILS .........cviiiiiee s 177
7.4, ReSUILS aNd JISCUSSION ....cuiiiuiiiiiiiieiiitei ettt 177
7.4.1. Application of PCA to individual sets of elemental distribution maps............ 177
7.4.2.  Application of PCA to a montaged set of elemental distribution maps............ 186

7.4.3. Application of PCA to a montaged set of elemental distribution maps pre

selected on the grounds of structural similarities in the tiSSUE ..........ccccovveieiiieniciennn, 194

7.4.4.  Additional examples, summary, and critique of the PCA ..........cooviiiicienn, 200
7.5, CONCIUSIONS ...ttt 202
7.6, RETEIBNCES ...t 203
Supplementary Material 7A .......ooo o 204
Supplementary material 7B ... 207
Chapter 8: Conclusion and future direCtioNS...........ceoveierieereiie e 209



Table of Contents

8L CONCIUSION ..ottt 211
8.1.1.  Significance Of the WOIK ..........cccueiiiieiiiiesiec e 211
8.1.2.  Contribution to the diSCIPIINE ......c.ccveiieie e 214
8.1.3.  Problems enCOUNLEIed.........ccoviveiiiiiiieiiie e 215

8.2, FULUIE dIFECLIONS ...ttt 216
8.2.1. Application of XRF imaging to study pathological disorders in the ovary...... 216
8.2.2.  Application of alternative multivariate statistical analysis techniques............. 217
8.2.3.  Necessity for fUrther STUTIES ..........ccooiiiiieiiiii s 217

8.3, RETBIBNCES ...ttt 219

XViii



Abstract

Abstract

When studying the relationship of trace elements with human health, it becomes increasingly
evident that keeping a balanced level of minerals in every cell of the human body may be
crucial to optimising health and preventing disease. Dietary deficiencies of trace elements
have been reported to alter various aspects of reproductive physiology, however, there is an
alarming weighting towards studies focusing on their involvement in male reproductive
function. Furthermore, those studies which are female focused have a tendency to investigate
the role of trace elements in maintaining a healthy pregnancy, and the impact on offspring, as

opposed to addressing preconception ovarian function.

This research predominantly used a combination of two synchrotron-based X-ray
techniques, X-ray absorption spectroscopy (XAS) and X-ray fluorescence (XRF) imaging, to
investigate the role that trace elements play in female reproductive function. More
specifically, by probing the in situ bioaccumulation of trace elements in bovine ovaries,
important findings were made regarding the distribution of iron (Fe), selenium (Se), and zinc
(Zn) which were localised to specific structures. Additionally, widespread high levels of

bromine (Br) were observed across all imaged tissues.

By classifying the ovarian follicles according to their health status, as well as their size
(follicular diameter), and extracting average elemental concentrations for these follicles from
the XRF images, it was possible to quantitatively analyse the cohort of 97 imaged follicles.
Statistically significant differences were found for the elements Fe and Br (health status), and

for Se (size). Se appeared to be the element which most greatly distinguished large (> 10 mm)

XiX



Abstract

antral follicles from smaller counterparts and PCA scores plots supported this notion with the

large follicles deviating from the rest of the cohort.

Owing to the statistically significant and very precise localisation of Se to the granulosa
cells of large healthy follicles, a suite of additional biologically-based experiments were
performed (quantitative real-time reverse transcription polymerase chain reactions (QRT-
PCR), immunohistochemical staining, and Western immunoblotting) in order to identify the
Se species as glutathione peroxidase 1 (GPx1). Taking into account what is already known
about this selenoprotein, it was concluded that Se and selenoproteins may play a critical role

as an antioxidant during late follicular development.

There has been much debate about the essentiality of Br to human and animal life. Owing
to its high levels across all ovarian tissues imaged, subsequent experimentation was carried
out to probe the chemical form of this element. Analyses of the X-ray absorption near-edge
structure (XANES) spectra of a variety of mammalian tissues and fluids led to the conclusion
that the form of Br in all samples, detected under normal physiological conditions, was

bromide.

The application of synchrotron radiation to measure trace elemental distributions in
bovine ovaries at such high resolutions has provided new insights into this organ. While this
research was intended to form a baseline study for healthy ovaries, if extended to disease
states in the future, our understanding of the biochemical mechanisms occurring in this

complex organ could be significantly enhanced.
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Linkage between Chapters

Linkage between Chapters

This thesis is comprised of eight chapters including five manuscripts which form the results
chapters (Chapters 2 to 6). All the manuscripts were completed during candidature and
Chapters 2 to 6 are intended to be published in peer-reviewed, international journals. Chapter
7 is a results chapter for which the decision was made not to publish the results owing to the

lack of additional insight the analysis provided into the raw data.

Below is a list of the manuscripts that constitute Chapters 2 to 6 of this thesis: with
Chapter 2 having already been published in Food Chemistry; Chapter 3 submitted to the
Journal of Analytical Atomic Spectrometry; and Chapters 4, 5 and 6 ready to be submitted to
the preferred journals. The broader research group is seeking more data to enhance the impact
of Chapter 6, delaying submission of that manuscript and of those corresponding to Chapters 4
and 5 which refer to Chapter 6. Statements of Authorship which outline the contribution of the
candidate and the co-authors to each chapter can be found at the beginning of Chapters 2 to 6.
It should be noted that the methods presented in the manuscripts forming Chapters 3 to 6 are
highly repetitious. Appropriate cross referencing of the materials and methods sections will be
carried out dependent upon the order in which the papers are accepted for publication. Each
chapter has been presented in the format which is appropriate for the journal it is intended to

be published in.

Chapter 2: Ceko, M. J., Aitken, J. B., and Harris, H. H. (2014) Speciation of Cu in a

range of food types by X-ray Absorption Spectroscopy. Food Chemistry, 164, 50-54

Chapter 3: Ceko, M. J., Hummitzsch, K., Hatzirodos, N., Bonner, W., James, S. A,

Spiers, K. M., Kirby, J. K., Rodgers, R. J., and Harris, H. H. (2014) Distribution and
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speciation of bromine in mammalian tissue and fluids by X-ray fluorescence imaging and X-
ray absorption spectroscopy. Submitted to Journal of Analytical Atomic Spectrometry

02/08/2014.

Chapter 4: Ceko, M. J., Hummitzsch, K., Bonner, W., Aitken, J. B., Rodgers, R. J., and
Harris, H. H. (2014) Localization of the Trace Elements Iron, Zinc and Selenium in Relation
to Anatomical Structures in Bovine Ovaries by X-ray Fluorescence Imaging. To be submitted

to Microscopy and Microanalysis.

Chapter 5: Ceko, M. J., Hummitzsch, K., Hatzirodos, N., Rodgers, R. J., and Harris, H.
H. (2014) Quantitative elemental analysis of bovine ovarian follicles using X-ray

Fluorescence Micro-spectroscopy. To be submitted to Metallomics.

Chapter 6: Ceko, M. J., Hatzirodos, N., Hummitzsch, Bonner, W., Aitken, J. B.,
Rodgers, R. J., and Harris, H. H. (2014) X-ray Fluorescence Microscopy identifies a role for
selenium in bovine female reproductive function. Submitted, including additional data not

presented in this thesis, to Metallomics.

Chapter 1 is intended to serve as an introduction and provides a review of each of the five
elements researched during candidature; namely, Br, Cu, Fe, Se and Zn. A general
introduction into the biological relevance of each element is presented, in addition to a
discussion surrounding its bioavailability, absorption in vivo, and anything that is known
regarding its role in female reproductive function. The second half of the chapter is intended
to introduce the key methodologies of this research and provides a theoretical introduction to
XAS, XRF imaging, and ICP-MS, as well as discussing examples from the literature where

XRF imaging techniques have been applied to animal systems.
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In Chapter 2 the chemical form of Cu in a range of foods is analysed by fitting a suite of
Cu model compound spectra to the XANES spectrum for each sample. ICP-MS is additionally

employed to quantify the concentrations.

The aim of Chapter 3 was to distinguish the chemical form of Br across a wide range of
predominantly mammalian tissues and fluids. ICP-MS analyses supported the high levels of
Br that were initially observed in bovine ovarian tissue through XRF imaging, and these

results are also presented.

Chapters 4 to 7 analyse the findings of two significant XRF imaging experiments, in
which a number of subsections (n = 97 for the follicles alone) were imaged for Br, Fe, Se and
Zn distributions. Chapters 4 and 5 may appear to have repetitious content but it should be
pointed out that the focus of the former chapter is predominantly on qualitative observations
and more specifically on the ability to differentiate between key structures in bovine ovarian
tissues using elemental localisations alone. On a few occasions it was considered
advantageous to quote approximate quantitative findings to more clearly articulate the
differences in elemental levels between structures. In Chapter 5 not only does the focus
become significantly more quantitative, but the content focuses purely on a single structure
within the bovine ovaries (follicles) and explores the potential for differences in trace element
levels, perhaps implying different protein expression, being used to distinguish between

follicles at different stages of growth or atresia, or follicles of different sizes.

Chapter 6 builds on the key conclusions of Chapter 4 and 5; that being that Se is localised

to the granulosa region of large healthy follicles. In this chapter a suite of biological
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techniques are employed (QRT-PCR, immunohistochemical staining, and Western

immunoblotting) to identify this protein.

Chapter 7 aims to address a common shortcoming of synchrotron-based XRF imaging;
that being that it has a tendency to be purely observational in its nature. Having already
extended beyond this in the quantitative analyses of Chapter 5, Chapter 7 explores the
application of a multivariate statistical analysis technique to the sets of XRF generated

elemental distribution maps collected for many of the ovarian sub sections.

Finally, Chapter 8 summarises the conclusions from this research and discusses potential
future directions. Topics addressed include the significance of the work, its contribution to the

discipline, problems encountered, and the necessity for further studies.
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