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Significance and goals

Metals are significant in many aspects of human health. Metals such as copper are essential at low levels for our wellbeing, while others, such as mercury, have only detrimental affects. In all cases the chemical form of the element is key to understanding the roles of metals in human health. The nature and the extent of the toxic or beneficial effects varies significantly with the molecular form in which the metal is presented. Our research uses synchrotron light to obtain in-situ molecular level information on intact tissues, which in most cases is not attainable with other methods, to provide an improved understanding of metal biochemistry in health and disease. The end goal is to provide the foundations for improvements in human health, such as treatments for diseases of metal dysregulation [1] or for exposure to toxic metals such as mercury [2]. 
The importance of diseases of the brain is increasingly realized. Whether, these are neurodevelopmental deficits induced by toxic elements such as mercury, neurodegenerative diseases such as prion-related disease, or a medical emergency resulting in permanent neurological damage such as ischemic stroke, synchrotron X-ray techniques have the potential to provide vital information that can lead to improved human health. 
Background
The molecular basis of mercury toxicity. Mercury is the most toxic heavy metal to which human populations are exposed. Two toxicologically distinct forms of mercury are significant. Inorganic mercury exposure comes from dental amalgams and various industrial sources, whereas organic mercury exposure comes primarily from human consumption of high-mercury fish and other seafood. The latter is of particular concern due to its neurotoxicity and a plethora of complaints have been reported from organic mercury exposure, such as central nervous system defects, arrhythmias and cardiomyopathies, and kidney damage. At some level, mercury poisoning is a concern for all North Americans for whom fish is part of their diet, or who have other sources of exposure to mercury. 
There is a great deal of controversy concerning the health-related impacts of consuming fish. The EPA recommends that consumption be limited, whereas the FDA suggests that the health benefits of polyunsaturated fatty acids outweigh the possible negative impact of the mercury content. Assessing the possible toxic impact of mercury in fish is also of importance in global health. For more than one billion people in the developing world marine fish is essentially the only dietary source of protein. If North America were to severely limit fish consumption on health grounds then the much of the rest of the world will follow suite. This could have severe nutritional implications in the developing world. 

Iatrogenic organo-mercury (in the form of thimerosal) has also been implicated as a possible cause of severe neurodevelopmental problems such as autism and Asperger’s syndrome [3]. This claim is highly controversial, and has been widely dismissed by many in the medical establishment [4]. It has been suggested that mercury exposure might act as a trigger for autism in genetically susceptible individuals, and there is evidence that a similar phenomenon can be reproduced in some strains of mice [5]. There is also evidence suggesting that autistic children cannot excrete mercury into hair as normal individuals do [6], which provides a clear link between autism and mercury. 
The role of copper in prion diseases. With an aging population, neurodegenerative diseases are of increasing concern. Creutzfeldt-Jakob Disease (CJD) is a rare and fatal neurodegenerative disease in humans caused by a pathogenic form of the prion protein (PrP). Prion diseases are a novel class of neurodegenerative disease arising through an enigmatic conformational change in PrP, a protein found at high levels in neurological tissues. Prion diseases signaled a paradigm shift in how we think of infectious disease pathogenicity, how the health sector handles such material and how the public perceives risk associated with potentially contaminated human and animal tissues.
Although the normal function of PrP is yet to be fully elucidated, it clearly has a role in binding copper, although this role may be perturbed in prion diseases. Disruption of normal brain metal homeostasis is a feature in many neurodegenerative diseases such as ALS, Alzheimer's, Huntington's and Parkinson's Diseases. Collectively these diseases affect over seven million people in North America and are becoming increasingly prevalent as life spans increase. 
Disruption of brain metal homeostasis has been hypothesized to exacerbate neurodegeneration; hence, the proposed research will aid in technique and method development for such studies. This research is an essential pre-requisite for understanding the role of metal ions such as copper in human health and neurodegeneration, and ultimately for proposing targeted strategies for prevention or cure.
Sulfur in health and disease. Sulfur is an ubiquitous biological element with diverse roles in biochemistry. It has also been termed a “spectroscopically silent” element in that there are very few specific spectroscopic probes. X-ray absorption spectroscopy and related techniques provide one of the few ways of determining the sulfur chemical form and can do so in situ in intact tissues. 
Proposed research, methods, and technical feasibility

In order to achieve our research goals we will use the tools and techniques available and to be developed at SSRL to probe the chemical form and distribution of metals, metalloids and sulfur in biological tissues.

The molecular basis of mercury toxicity. We plan to use a combination of bulk X-ray absorption spectroscopy and X-ray fluorescence imaging to probe the molecular sensitivity of mercury toxicity. We will use a number of model systems, and will also examine a limited number of human tissue samples, as described below.
Zebrafish (Danio rerio) are a common model organism for the study of embryonic development, and have found increasing use in vertebrate toxicology. In collaboration with Pat Krone (Saskatchewan) we have used X-ray fluorescence imaging of larval zebrafish to study the uptake, transport and re-distribution of methylmercury cysteinate [7] (Figure A). We have demonstrated that the technique can be used employing low exposure levels of mercury (e.g. 200 nM). We have also demonstrated that there is a remarkable molecular level sensitivity in both the overall toxic effects and in the uptake and redistribution. For methylmercury cysteinate we observe that the most rapidly dividing cells in the larvae (on the surface of the developing eye lens) take up mercury at far greater rates than other tissues. Mercury was observed in other organs including brain, heart and kidney, as well as within specific nervous structures such as the optic nerve [7]. Furthermore, short exposures with a subsequent recovery period clearly show redistribution of mercury from other tissues to the eye lens epithelia. Additionally, the distribution of other elements such as calcium is disrupted on exposure. This may provide a clue to the molecular mechanism of toxicity, as Ca2+ channel blockers have been reported to provide protection against organic mercury. Such information is critical in order to properly integrate information on tissue and cell specific impacts of mercury with uptake and accumulation of the metal at the whole animal level.
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We will extend these experiments to exposures using other chemical forms of organic and inorganic mercury. We will explore the effects of calcium channel blockers, compounds that affect calcium metabolism such as taurine and exlore the synergisms and antagonsism of various forms of selenium. We are also involved in the development of new drugs for chelation of mercury [2]. This process uses density function theory to rationally design effective chelation agents which are optimized for binding mercury – in effect a custom chelator [2]. Larval zebrafish with X-ray fluorescence imaging provide an ideal system for initial testing of these potential new drugs. 

We have obtained preliminary results from samples of brain tissue from two individuals who were poisoned by exposure to organic mercury (Figure B). Bulk XAS shows clear evidence of molecular association of mercury and selenium, and imaging shows co-localization of these two elements in the gray matter of the cerebral cortex. 
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We will expand these studies to brain tissues from individuals who have been exposed to organic mercury by consuming fish throughout their lives, but showed no detectable mercury-related adverse health effects and who died of other causes. Such high-mercury tissues are available through our collaborations with workers at the University of Rochester (Gene Watson, John O’Donoghue & Gary Myers), who are working with the Republic of Seychelles Department of Health [8] and have access to autopsy material. The population of the Seychelles has the highest dietary exposure to mercury world-wide, yet shows no clear adverse affects from this. We have already made preliminary measurements on a small section of cerebral cortex from a 95 year old man. The levels of mercury are close to the current limits of detection, but seem to show that mercury is localized in the gray matter albeit in a considerably thinner layer at the very surface, compared with what was observed for acute exposure (Figure B). We will also expand our measurements to include other regions of the brain such as cerebellum, which may be severely affected by mercury exposure. Comparing the localization and chemical natures of mercury in such samples should provide clues on how mercury exerts its toxic effects, and improve our understanding of the risks both of eating fish and of more general exposures. Such molecular-level understanding should also provide the foundation for improved treatments, and directly links with our efforts to design more effective custom chelators. 
We also plan both bulk XAS and imaging measurements on brain tissues from an autistic brain bank, in comparison with control samples. These are the most challenging measurements proposed here, and improvements in sensitivity are needed before they can take place. Nevertheless, bulk XAS edges are detectable on beamline 9-3 from healthy individuals with no particular source of exposure to mercury, albeit at rather poor signal to noise ratios. The goal of this work is to determine whether or not there are differences in the mercury levels, speciation and distribution between autistic and normal brain. Whether or not differences are detected, this work is very important as it would represent an important contribution towards understanding the origins of autism. 

[image: image3]
The role of copper in prion diseases. In collaboration with Frank Jirik (Calgary), we seek to develop a greater understanding of copper function and distribution in healthy brain and identify disruptions associated with prion disease. An additional objective is to elucidate the role of PrP in copper trafficking and brain homeostasis. These goals will be achieved by investigating the role of copper in a mouse model of human disease and metabolism. Preliminary results using X-ray fluorescence imaging (Figure C) show that genetically modified mice, either over-expressing the PrP gene, or lacking the gene, have altered brain copper distribution. The use of mouse models affords a direct measure of PrP’s role in copper homeostasis as well as the copper requirements for ‘’normal’’ brain function. To date various techniques for quantifying brain copper content in genetic mouse prion models have shown conflicting findings ranging from significant changes in brain copper content to no alteration in copper levels. Our preliminary results (Figure C) demonstrate that PrP expression levels show a positive correlation with copper content within the paraventricular regions; interestingly, some of this copper appears redistributed from the cortical grey matter. Our findings will clarify inconsistencies in the literature with respect to CNS copper localization [9]. These results were obtained on fixed sections. We plan to perform experiments using frozen sections, and to complement these with bulk XAS measurements to give information on chemical form.  Additionally, it distinct chemical forms are observed in the XAS experiments we will also measure chemically specific images of copper. One hypothesis regarding neurodegeneration in prion diseases is that there is a loss-of-function of PrP following the conformational change to the pathogenic form. Similar disruptions in metal homeostasis or redistributions of metals are also implicated in Alzheimer’s disease, ALS and Huntington’s disease.
Sulfur in health and disease. We propose to study sulfur distribution and speciation in brain for two different diseases, epilepsy and ischemic stroke. We propose to carry out chemically-specific imaging at the sulfur K-edge. This method is used to generate maps of chemical species such as thiols, disulfides and sulfate. Unlike regular X-ray fluorescence imaging, in which an incident energy well above the absorption edge is used, in chemically-specific imaging the energy is tuned to -features in the near-edge which are characteristic of the different chemical species [10]. Imaging at the sulfur K-edge presents additional challenges not present when working at higher X-ray energies. The low energy of both the incident photons and the sulfur Kα fluorescence means that photons are rapidly attenuated. At the sulfur K-edge photons only penetrate about 20 µm into an aqueous-based sample such as a tissue, and they are rapidly absorbed by the equipment, such as ion chamber windows, or the cover on a sample.
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Chemically-specific imaging has not, to date, been applied at the sulfur K-edge to mammalian tissue samples. Nevertheless, we have demonstrated the feasibility and utility of chemically specific imaging at the sulfur K-edge through a series of well-defined steps. The variability of the sulfur K-edge as a function of chemical functional group is now well-established [11]. Given that there are few spectroscopic tools for investigating sulfur specifically, the sulfur K-edge is one of the only probes of sulfur chemical form in biological tissues. Notably we have successfully used sulfur K-edge XAS to study the form of sulfur in living cultures of mammalian cells [12], showing it to be a subtle probe of the sulfur forms in these cell cultures. More recently, we have demonstrated the methodology of chemically-specific imaging on biological tissues using onion as a test system [13], Figure D. This allowed us to separately image thiols, disulfides and sulfoxides. Furthermore, we have mapped total sulfur in a brain section from an animal model of epilepsy in comparison with control, showing that the total sulfur distribution is strikingly different in the region of the hippocampus. Each of these steps demonstrates feasibility of measuring chemically-specific imaging maps at the sulfur K-edge on tissue samples such as brain from animal models or autopsy samples. With the availability of SSRL beamline 14, we will be able to take our measurements to the next level, in directly answering questions of health relevance.

For epilepsy, preliminary results using a rodent model show that hippocampal sulfur levels are dramatically perturbed when brain sections of epileptic rats are compared to controls. Much about epilepsy remains a mystery and any large scale change of this nature is of significant interest.  We hypothesize that the observed changes in sulfur levels are also reflected in changes sulfur speciation. For ischemic stroke in collaboration with H. Nichol and P. Paterson (Saskatchewan) we will examine the distribution of the chemical forms of sulfur in vulnerable brain regions in rodent models of stroke and investigate the effects of treatments or conditions that either mitigate (intra- and post-ischemic hypothermia, ischemic preconditioning) or aggravate (protein-energy malnutrition) brain damage. Given the multiple roles of sulfur-containing molecules in cellular defense against events of the ischemic cascade, we propose that sulfur mapping will be a valuable indicator of redox cycling and the susceptibility of brain tissue to damage following stroke. 
Impact of SSRL SMB proposed technological developments on proposed research

New developments at SSRL are essential for the continued success of our research. Many of our preliminary measurements have been made with fixed specimens, whereas frozen specimens are preferred because the chemical integrity of the element in question is much more likely to be preserved. The development of a practical cryostat system for use in imaging at SSRL will represent a major advantage for our research. While some samples are small (only 100 microns or so across) many samples are much larger (measuring >10 cm across). For the latter, the continuous scanning technology that has been developed at SSRL is essential as data acquisition would take too long without it. Furthermore, improved sensitivity is essential for some of the proposed studies of mercury in human brain. The new facilities to be available on SSRL beamline 14 will provide an unparalleled facility for investigating spatial distributions of sulfur forms, and brighter X-ray beams resulting in a much-needed increase in sensitivity [13]. 
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Figure B: X-ray fluorescence imaging of a section of cerebral cortex from a 48 year-old woman who died ten months after exposure to a lethal dose of dimethylmercury. Data were collected on SSRL BL10-2 with a tapered glass capillary microfocus optic. Zinc levels are shown in green, mercury in red, and selenium in blue. The magenta area coincident with cortical gray matter thus indicates co-localization of mercury and selenium.





Figure D: Schematic showing X-ray fluorescence spectroscopic imaging analysis. The upper panel shows the sulfur K-edge spectra of standard solutions used to analyze the data, together with markers are shown at the incident energies for images (a) background, (b) disulfides, (c) sulfides, (d) sulfoxides, (e) sulfate, and (f) total sulfur. Raw intensity maps corresponding to the incident energies are shown below the spectra, followed by processed maps of the individual chemical species.  
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Figure A: Head and liver sections from (A) larvae treated with 2 μM CH3HgCys for 36 h and (B) larvae treated with 200 nM CH3HgCys for 84 h. (BR)-brain, (EL)-eye lens, (LV)-liver, (GT)-gut, (KT)-kidney tubule, (MS)-skeletal muscle, (SC)-spinal cord. Data were collected on SSRL BL9-3 with a tapered glass capillary microfocus optic.





Figure C:  X-ray fluorescence imaging of mouse brain sections comparing wild-type (wt), prion knock-out (k/o) and over expressed (Tga20) strains. Data were collected on SSRL BL10-2 with a tapered glass capillary microfocus optic. Clear differences in the copper levels can be seen from the images, with the Tga20 showing the largest, knock-out the lowest and wild-type intermediate. These preliminary results clearly suggest an in-vivo role for the prion protein involving copper metabolism. 
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