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ABSTRACT

Compounds of organometallic mercury have been recognized for their toxicity to humans since
the mid-1800s. While mercury is a natural constituent of the Earth’s crust, with natural processes
resulting in its release into the larger environment, anthropogenic activities including coal
combustion and gold mining have increased the global bioavailable mercury burden.
Atmospheric mercury can be transported globally, and its transformations between different
environmental compartments can result in the formation of toxic organometallic mercury species.
These compounds are known to bioaccumulate and biomagnify through trophic levels to animal
species which may be consumed by human populations, and which may result in toxicity and
even death.

The mechanisms by which methylmercury (the most highly studied form of organometallic
mercury) exerts its toxicity are many and varied. It is due to these complexities that
methylmercury (and inorganic species of mercury) continue to be the focus of a great deal of
research. The goal of this research was to advance the prevailing understanding of organometallic
mercury through investigation of its toxicity as it relates to chemical speciation, as well as its
accumulation and distribution in relation to transportation and defensive mechanisms. To that
end, the chemical speciation of mercury in both feline and human cases of historical exposures to
organometallic mercury species were studied using X-ray absorption spectroscopy (XAS) and
high energy resolution fluorescence detection XAS (HERFD-XAS) to gain insight into the
dynamics of mercury in unique samples which did not originate from a model organism. Cases of
exposure which would be defined as acute were dominated by varying forms of inorganic
mercury, with some remaining organometallic mercury present (in most cases). In contrast,
mercury species present in chronic cases of exposure coming from residents of the Seychelles,
where a lifetime of consuming fish species which may contain high levels of mercury is the
norm, remained entirely organometallic. The implications of this finding are important as most of
what is known about mercury poisoning in human populations comes from cases of acute
exposure, even while most instances of exposure of humans to mercury occurs at chronic low-
levels. Comparisons were also made using XAS between formalin-fixed and frozen brain tissue,
as well as cryopreserved and methacrylate embedded zebrafish (Danio rerio) to determine
whether samples which had undergone more extensive preservation may be relied upon in studies

of chemical form, which has been shown to be highly important in toxicity. Mercury was not



observed to be affected by preservation method in terms of speciation in brain tissue or in
accumulation and distribution in larval zebrafish. Other endogenous elements, however, were
noted to be affected. Both the transportation of methylmercury as well as the mechanisms
through which defense against the toxicity of methylmercury occurs are routinely studied.
Transportation of methylmercury, currently assumed to occur via L-system transporters, was seen
to be affected by compounds likely to compete for uptake. This was demonstrated by increased
survival in toxicity studies and reduced concentrations of mercury in target organs using X-ray
fluorescence imaging (XFI) of larval zebrafish which had been co-exposed to methylmercury-c-
cysteine in the presence of various LAT competitors. Transportation is thought to be primarily
stereoselective and indeed, zebrafish exposed to methylmercury-p-cysteine demonstrated
increased survival. Differences in mercury concentrations in target organs between enantiomers
were noted but did not prove to be statistically significant. Lastly, an unforeseen target of
mercury accumulation was observed using XFI after exposures to various organic and inorganic
mercury species: the epithelial layer of larval zebrafish, where mucosal production occurs.
Subsequent titrations of organometallic mercury with harvested mucosa examined using XAS
demonstrated the occurrence of demethylation which, to our knowledge, has never been seen.
While many faceted, the research conducted in this thesis highlights the complexity of mercury
and, with the discoveries made herein demonstrates the need for continuing research.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Mercury

The compounds of mercury are known to be highly toxic to most forms of life including
plants, animals and humans, and are particularly harmful because routes of exposure are
surprisingly common for human populations. Mercury is a heavy metal having an atomic number
of 80 in the periodic table and being denoted by the symbol Hg. Mercury is commonly classified
under three categories having different toxicities including metallic mercury, or elemental
mercury (Hg®), inorganic mercury and organometallic mercury.! Organometallic mercury
compounds, which encompass the most toxic forms of mercury, are defined as those having an
Hg—C covalent bond and will be the primary focus of this thesis and introduction; inorganic
mercury will also be discussed briefly.

This introductory chapter lays the groundwork for the research which follows, beginning
with the sources and cycling of mercury in the environment. The toxicokinetics and
toxicodynamics as well as safety concerns of methylmercury, which is the primary focus of this
thesis, are then addressed. Historical poisonings of human populations by mercury species are
also considered. This chapter concludes with some discussion on zebrafish (Danio rerio) as a
model organism for heavy metal toxicology. A separate introduction is then presented in Chapter
2 which is focussed on relevant synchrotron methodologies utilized within this thesis.

1.1.1 Natural and anthropogenic sources of mercury

Mercury as an element is found naturally within the Earth’s crust. Its concentration in the
Earth’s crust may vary considerably depending on location.® Mercury is released into the
environment through natural processes and can cycle between environmental compartments
including the atmosphere, soil and water. Mercury is often found in coal associated with its
organic content or sulfides, as well as in geologic deposits as an ore such as cinnabar which is
composed of a-mercuric sulfide (a-HgS).? Cinnabar was historically valued by the Romans due
to its red pigmentation.® The world’s largest known cinnabar deposit, the Almadén mine, was
historically mined to utilize the beautiful pigmentation of cinnabar for paint and cosmetic use.®
Mercury can also be released into the environment from additional natural sources including

volcanic eruptions, oceanic emissions and forest fires.!



A most significant anthropogenic source of mercury is the burning of fossil fuels. This
includes particularly large contributions from coal-fired power plants as well as contributions
from artisanal and small scale gold-mining.* Additional sources include cement production, and
waste from consumer goods and other industrial activities.* It has been estimated that
approximately 5500 to 8900 tonnes of mercury is released or re-released annually into the
atmosphere, with 10% of total emissions coming from natural sources, 30% resulting from
anthropogenic activity and the remaining 60% of emissions coming from mercury which has
been re-emitted into the atmosphere from previously deposited mercury in land or water
compartments.* While controls are increasing on anthropogenic mercury emissions and
utilization due to environmental and human health concerns, mercury still exists in numerous
consumer products including: dental amalgams, batteries, switches, lighting bulbs and formulated

products such as pharmaceuticals, preservatives, reagents and testing kits.®

1.2 Cycling of Mercury in the Environment

Mercury released into the atmosphere from the most significant source of anthropogenic
mercury, coal-fired power plants, is in varying ratios of the chemical forms of Hg®, Hg?* and
mercury bound to particulate matter, depending on the pollution controls in place.® Mercury that
is released as Hg® can have an atmospheric lifetime of 0.5-2 years with the ability to be
transported globally.® Here, what started as a point source of contamination can ultimately
contaminate even the most remote, pristine locations. Mercury released from a point source such
as a coal-fired power plant will in part be deposited locally in vegetation, soil or surface water.
Local deposition will primarily consist of inorganic forms (Hg?* and particulate bound Hg) rather

than Hg® which will remain in the atmosphere for a longer period of time.’

1.2.1 Cycling between environmental compartments

Many factors may affect the cycling of mercury between environmental compartments.
Within each compartment, there are numerous biotic and abiotic processes occurring that may
affect the movement and speciation of mercury. Over time within the atmosphere, all available
mercury species including Hg®, Hg?* (gas or aqueous) and Hg?* (particulate-bound) will undergo
redox reactions, cycling between chemical species until the inevitable deposition on land or in
water (fresh or oceanic).® An important mechanism of deposition of atmospheric Hg® to soil and
surface waters is via its oxidation to Hg?*°. The soil compartment is the largest terrestrial mercury

sink with estimates of 200-1000 megagrams of Hg existing within at any given time.®



Atmospheric depositions into soil are highly contained within upper sediment layers which are
often highly biologically active and rich with organic content to which mercury species will
likely associate.® Depositions of Hg® into soil (as Hg forms bound to solid matter, no longer in a
gaseous phase) also undergo redox reactions, with mercury subsequently returning to the
atmosphere if the organic material to which it is bound to is burned, or through volatilization.°
Mercury within the soil compartment can be retained for very long periods of time before evasion
back into the atmosphere.'® However, movement can also occur through soil and groundwater to
the aquatic compartments of either freshwater or ocean water.

Mercury present in the atmosphere including Hg®, Hg?*(gas), Hg?*(aqueous) and
Hg(particulate-bound) can be deposited into either freshwater or oceanic aquatic compartments.®
Large bodies of water are commonly stratified into a surface layer, or epilimnion, which is
characterized by warmer temperatures and oxic conditions with high levels of aerobic biological
activity and a bottom layer, or hypolimnion, which is characterized by anoxic conditions with
anaerobic biological activity and cooler temperatures.!! After deposition into surface waters, Hg?*
species may become reduced to Hg® and subsequently re-volatilize into the atmosphere.
Alternatively, they may sorb to dissolved organic material or other inorganic chemical species
present in surface waters, or become deposited into sediment.!! Photolysis may occur within the
epilimnion, where chemical bonds of mercury perhaps bound to organic material become broken
by light. The resulting divalent Hg may then be reduced to Hg® and evaded or it may bind once
again to dissolved organic material !

Mercury species in surface waters and sediments may undergo anaerobic
biotransformations. For example, inorganic mercury species existing within the anoxic
hypolimnion and sediment may become methylated by microbial actions.*? It has been noted that
communities of sulfate-reducing bacteria present in anaerobic environments are highly involved
in the methylation of inorganic mercury species.'? Methylated, or organic forms of mercury are
of significant toxicological concern because of the risk of both organism-level bioaccumulation
and trophic level biomagnification.'? Methylmercury may accumulate in microorganisms through
active transport or via diffusion, where it will become associated with cellular components which
are taken up and retained by organisms in the next trophic level.*? This differs from uptake of
inorganic mercury species, which are also retained within the bacterium (as an example) but

become associated with cellular components that tend to be excreted from the organism which



consumed the bacterium.'? Bioaccumulation beginning at the lowest trophic levels may result in
biomagnification into higher trophic levels to large, predatory organisms which can then contain
very high methylmercury concentrations. Examples of top accumulators of methylmercury in
aquatic environments include bass, walleye, pike, shark and swordfish, which may be consumed
by human populations and result in acute or chronic toxicity.*3
1.3 Methylmercury: Toxicokinetics

The chemical form of mercury which will be the focus of this thesis is methylmercury.
Methylmercury is the most frequently studied form of organomercury. The following discussion
relates primarily to acute methylmercury exposure scenarios, as less is known about the
toxicokinetics and dynamics of chronic methylmercury exposures. Common symptoms related to
organic mercury poisoning in adult exposures include paresthesia, ataxia, dysarthria, visual and
auditory disturbances, tremor and muscle weakness.'* Similar symptoms can be seen in a prenatal
exposure, but can further include delayed achievement of developmental milestones and severe
brain damage or cerebral palsy.'**°> The most common route of exposure of humans to
methylmercury is through the ingestion of mercury-containing fish, as discussed above. Upon
ingestion, mercury is highly absorbed (approximately 95%) from the gastrointestinal tract to the
bloodstream,'® becoming bound to hemoglobin on red blood cells with very little existing in the
blood plasma.l’ Early work observing methylmercury toxicokinetics in human subjects after
ingestion of methylmercury-contaminated fish determined that peak absorption of mercury
occurs in the first 20-30 hours after ingestion.'® This is preceded by both an initially fast
clearance rate representing distribution to tissues with an average half-life of 7.6 hours, followed
by a subsequently slower clearance rate of total mercury from the body with an average half-life
of 51.9 days.® The half-life within the blood has been measured to be approximately 50-70
days,!® although the concentration rapidly decreases to approximately 5% of the absorbed dose
within the initial fast clearance half-life given above.?° Blood and hair concentrations of
methylmercury are considered to be valid biomarkers for exposure. Generally, concentrations of
methylmercury in hair are 250 times those of the concentration found in the blood
compartment.® Hair concentrations of mercury are thought to be a sink primarily for
organomercury compounds compared to inorganic mercury. Indeed, research has shown the
chemical forms of mercury in hair of individuals consuming a high fish diet (which can be

associated to higher risk of organomercury consumption) to be approximately 80%



methylmercury cysteine (or some closely related chemical species) and 20% inorganic mercury
bound to thiolate species.?! As the average growth rate of human hair is approximately 1
cm/month, methylmercury exposure can be measured in hair as a factor of time which can aid in
giving a general outline of an exposure scenario.

Methylmercury will subsequently move from the blood compartment to organ tissues
where it binds to thiol groups to form water-soluble compounds which are readily transported
throughout the body. Transport of organic mercury at the cellular level has long been assumed to
be via large neutral amino acid transporters (LAT1 and LAT2) although other transporters may
also be involved. The complexity of transportation of methylmercury species is examined in
more detail in Chapter 6. LAT transporters are essential for any tissue performing protein
synthesis and requiring amino acids. Absorption in the gastrointestinal tract is thought to occur
using LAT transport.?? LAT transporters are found ubiquitously throughout the human bodly,
including a presence at the blood-brain and blood-placental barriers,?®242° hoth of which are
known targets of methylmercury toxicity. It has been estimated that the ratio of methylmercury
concentrations in the brain to blood compartments is approximately 5:1 while the concentration
found within the fetal brain can be as high as fives time that found within the brain of the
mother.2’ Methylmercury is also passed through breast milk to a suckling infant.*® Other targets
for deposition outside of the brain, fetus and hair include the liver and kidneys. Enterohepatic
circulation can also occur, with methylmercury being transported into liver cells as complexes
with cysteine and subsequently out of liver cells via complexes with reduced glutathione into
bile. In this form it may be reabsorbed into the bloodstream through the gall bladder and the other
areas of the intestinal tract.'®2°

Metabolism of organic mercury to inorganic mercury within the body is an important
defense mechanism. Methylmercury that is not reabsorbed may be metabolized to inorganic
mercury through the breakdown of the mercury-carbon bond by microflora in the intestinal tract.
Possible demethylation of organic mercury species in an unexpected medium is discussed in
Chapter 7. Methylmercury is also largely demethylated in the liver, where it is excreted into bile
as glutathione conjugates.'® From here, mercury is largely eliminated (approximately 90%)
through fecal excretion.'®2%26 Within the brain, demethylation of organic mercury to inorganic
species such as mercuric selenide (HgSe) which are non-toxic and bio-unavailable is another

critical form of defense. A recent review which investigated both human and animal studies has



estimated the half-life of inorganic mercury in human brain to be on the order of years, or even
decades.?” As there is no clear mechanism for the uptake of inorganic mercury into the brain, the
presence of inorganic mercury in these tissues is primarily explained by the demethylation of
organic mercury. How this occurs, precisely, is still unknown and is discussed in more detail in
Chapter 4.
1.4 Methylmercury: Toxicodynamics

The mechanisms through which methylmercury exerts its toxicity are many and varied.
Methylmercury is primarily known as a neurotoxicant, having the ability to cause extensive
damage to the nervous system. Methylmercury is known to induce oxidative stress through
increased reactive oxygen species formation,?® possibly due to damage to the mitochondria, a
known target of methylmercury?® which is responsible for some reactive oxygen species
production.®® Increased oxidative damage may also occur due to depletion of intracellular
glutathione (GSH),% a known antioxidant and scavenger of available methylmercury. Other work
has shown that methylmercury can reduce cellular levels of precursors for GSH production,
including cysteine and cystine which are integral for GSH production, further enhancing
oxidative stress.?® Methylmercury is also known to disrupt intracellular calcium homeostasis?®32
and to inhibit protein synthesis.?® Methylmercury has also been shown to disrupt microtubule
formation by impairing tubulin polymerization through binding of cysteine residues. This can
ultimately impact the cellular cytostructure, especially in the developing brain.3*34
Within the adult human brain, methylmercury will cause degeneration of specific neuronal cell
types including cerebellar granule cells (with adjacent Purkinje cells remaining relatively intact)
as well as neuronal cells within the calcarine fissure present in the occipital lobe.® The calcarine
fissure is located within the primary visual cortex. Damage to neuronal cells of this region is
associated with symptomatic constriction of the visual field.1**® Some research has shown that
methylmercury inhibits protein synthesis at granule cells such that this synthesis does not
recover, while protein synthesis at Purkinje cells recovers and can even surpass the original rate
of synthesis.?’ It has also been shown that that certain receptors on the extracellular surface of
granule cells might be more sensitive to inhibition by methylmercury than those found on
Purkinje cells.®® Damage to the cerebellar granule cells is thought to be linked to symptoms of
ataxia. Additional neuronal degeneration has also been noted in the auditory cortex of the

temporal lobe as well as in precentral and postcentral areas of the cerebral cortex3® which may be



linked to clinical symptoms of affected audition, paresthesia and dysarthria.?®=°
Neuropathological changes in neuronal cells in a prenatal exposure to methylmercury occur more
diffusely throughout the cerebrum and cerebellum compared to the specific locations noted above
in an adult exposure.*® Here, rather than atrophy, neuronal cells demonstrate hypoplasia, or
arrested development.®® As well, the hallmark pathological change of atrophy of cerebellar
granule cells is reduced in a fetus, compared with an adult exposure.**

One of the most curious remaining uncertainties regarding organic mercury toxicology is
the latency period which exists between exposure and exhibition of clinical symptoms in adults.
In the case of a 48-year old Dartmouth chemistry professor who accidently became exposed to a
high concentration of dimethylmercury through dermal absorption, the latency period between
exposure and becoming symptomatic was 5 months.*> The absorbed dimethylmercury this
individual was exposed to was thought to become metabolized to mono-methylmercury in
approximately 6 days.*® In the case of the Iragi poisoning event of the 1970s, where wheat and
barley treated with a methylmercury-based fungicide was accidently utilized for bread
consumption, the latency period ranged from 16 to 38 days.** For the Dartmouth case, symptoms
began with affected balance, gait and speech. These symptoms became increasingly severe within
the next several weeks, at which point the patient was experiencing increasing difficulty walking,
and with speech as well as constriction of the visual field.*? The patient became fully
unresponsive to stimuli 22 days after being admitted to the hospital. Death occurred within 5
months of becoming symptomatic, just over 10 months past the original exposure event.*? For the
Iraqi bread poisoning case, symptoms ranged in a dose-dependent fashion from paresthesia to
deafness, blindness, or ultimately, fatality. When comparing these two exposure scenarios (and
others) it appears that the concentration of the absorbed dose is unrelated to the length of time of
the latency period, even while it is certainly related to the severity of the symptoms. The reason

for this remains unclear.

1.5 Safety Recommendations

The World Health Organization (WHO), Health Canada and the U.S. EPA have all
established safety guidelines regarding exposure risks to methylmercury. A Swedish expert group
examined the data from the Japanese Minamata disease (see Section 1.7.1) and Iraqi bread
consumption exposure event to make an early attempt at a lowest-observed adverse effect level
(LOAEL) guideline of 50 pg Hg/g in scalp hair and 200 pg Hg/L in whole blood.*® A WHO



expert group took these guidelines further by applying safety factors of 10 to each value,
establishing NOAELSs (no-observed adverse effect levels) for blood and hair to be 20 pg Hg/L
and 5 pug Hg/g.*® From the Iraqi exposure data, the same WHO expert group determined that a
maternal scalp hair concentrations of mercury above 70 ug/g were associated with an
approximate 30% risk of the infant exhibiting abnormal neurological and developmental
characteristics. They also noted that a lower concentration of 10-20 pg/g is associated with a
lower risk of approximately 5%.® Health Canada has derived a tolerable daily intake value to be
<8 ug/L Hg in blood for pregnant women, girls and women aged 0-49 years, and males aged 18
years and younger. They equated this to 0.2 pg/kg body weight per day, with a slightly less
restrictive value of <20 pg/L blood Hg for males older than 18 years of age.*®

The most recent U.S. EPA guidelines regarding methylmercury exposure risks were based
off values derived from one of the three most prominent, large-scale human studies conducted
evaluating long-term methylmercury consumption in humans. These studies were based off
human populations from New Zealand, the Faroe Islands and the Seychelles. Chronic mercury
exposures in both New Zealand and the Seychelles are discussed in sections 1.7.2 and 1.7.3. The
U.S. EPA values were ultimately based off the research conducted on natives of the Faroe
Islands, where periodic consumption of whale meat and blubber occurs regularly throughout life.
The data from this study has been looked at time and again, using different forms of statistics, or
examining different endpoints. The original study published in 1992*" included a total of 1023
infants with subsequent publications including data collected from infancy to the time the
children were 14 years old. This work aimed to determine whether relationships existed between
a variety of developmental milestones, neurological, and neuropsychological tests with mercury
concentrations in the hair of the mother as well as in cord blood.*34° The authors determined
there to be a negative effect of chronic methylmercury consumption when using cord blood as the
primary indicator of children aged 7 years-old based off of hand-eye coordination exams as well
as learning-based exams.*® Some indicators of differences in audition were noted in children 14
years of age using both cord blood and maternal hair mercury concentrations. From this body of
work, the U.S. EPA determined the adult oral reference dose for methylmercury, which by

definition is the acceptable daily dose of a substance, to be 0.1 pg/kg/day.>°



1.6 Inorganic Species of Mercury

This brief discussion will focus on mercuric mercury (Hg?"), rather than other inorganic
forms as mercuric mercury was the only form utilized in this thesis. Many sources of inorganic
mercury are now be considered historical sources, having been essentially phased out. These
include the use of inorganic mercury compounds as fungicides in latex paints and in various
pharmaceutical and agricultural products as well as in laxatives and teething remedies.*
Inorganic mercury compounds can still be found in skin-lightening creams in varying
concentrations today.>? A recent report has described the poisoning of a toddler due to ingestion
of a skin-lightening cream produced in Mexico containing high levels of mercury.>® An exposure
to inorganic mercury can also occur through ingestion of fish or seafood which may contain
inorganic mercury compounds,*’ as well as organic mercury species which become metabolized
to inorganic mercury within the body.

Exposure to inorganic mercury may occur dermally through the use of lightening creams
as mentioned above or in an occupational context if in close contact with products which
incorporate such forms of mercury. Inorganic mercury is less well absorbed in the gastrointestinal
tract than organic mercury, about 7-15% compared to the 95% absorption of methylmercury.?
Mercuric mercury is likely transported throughout the body as conjugates of thiol-containing
amino acids or glutathione with primary targets being the kidneys and the liver. Half-life of the
absorbed dose is estimated between 1-2 months. Inorganic mercury is not hypothesized to cross
the blood-brain barrier and has historically been assumed to not cross the blood-placental barrier.
However, some research has shown that some movement across the placental barrier may occur
although the transport mechanism is not fully elucidated.>*

Inorganic mercury will initially be excreted through feces. This may happen in the first
few days after exposure as the burden of unabsorbed mercury is eliminated.?’ Subsequent
elimination will occur largely in the urine, as the kidneys are the primary location for
accumulation of inorganic mercury.?° Inorganic mercury will also be eliminated via breastmilk.?®
Accumulation in the kidneys occurs primarily in the proximal tubules, potentially leading to
kidney damage and failure.>* Inorganic mercury in the form of mercury salts will cause damage
to the gastrointestinal tract.>® Toxicity of inorganic mercury species is highly related to the

solubility of the chemical species. For example, HgCl is more soluble and more toxic compared



to other chemical forms such as HgS or HgSe whose solubility is so low as to be considered
essentially non-toxic.>®
1.6.1 Elemental mercury

Elemental mercury is not discussed in detail in this thesis. Briefly however, elemental
mercury is commonly referred to as “quicksilver” due to its liquid nature (at room temperature)
and silver colouring.! Sources of human exposure to elemental mercury include thermometers,
fluorescent bulbs, dental amalgams and mercury switches.! The primary risk to humans from
elemental mercury comes from the inhalation of mercury vapours, which occur most often in

occupational settings.

1.7 Historical Incidents of Mercury Poisoning in Human Populations

Mercury has been known to humans since antiquity. Metallic mercury was well-known in
the time of Aristotle, who coined the term “quicksilver.”*® However, it was not until the mid-
nineteenth century that the first alkylmercury compounds were synthesized.>® Their use increased
dramatically upon discovery of their anti-bacterial and anti-fungal properties with these
compounds becoming widely used in the early 1900s and beyond due to these properties. The
toxic effects on human populations remained largely unexplored until the early documentation of
four human poisoning cases of individuals who worked at a facility where methylmercury
compounds were being manufactured as anti-fungal seed dressings.®” These individuals were
noted to have symptoms rooted in neurological distress, with all surviving but with varying
remaining abilities of mobility, vision and speech.>’ Years later, an autopsy on one of these
previously exposed individuals was performed, with significant contributions made to the former

lack of knowledge on neuropathological alterations caused by methylmercury intoxication.®

1.7.1 Acute exposure to organometallic mercury: Minamata disease

Only a few years following this latest publication on the neuropathology of organic
mercury was the official discovery of Minamata disease (May 1, 1956), one of the most
infamous, historical organic mercury poisoning events of human populations. Minamata disease
was the result of organic mercury contaminated effluent being released from a local factory into
Minamata Bay, from which was harvested the fish and seafood relied upon by local populations.
Organic mercury was not determined to be the cause until numerous years after the official
discovery of the strange, neurological disease. The research done by Hunter et al.>>*" provided
crucial evidence which aided in identifying the cause as organic mercury. Shortly after organic
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mercury was identified as the causal agent, experiments testing the toxicity of the waste effluent
on local felines were conducted but not transparently reported until many years later.® Recent
work (Chapter 3) re-analyzing these historical feline experiments has confirmed the presence of
organic mercury within brain tissue and further suggested the possibility of an alternative
mercury species, a-mercuri-acetaldehyde, as the chemical form being released as a waste product
from the factory.>®

Total mercury concentrations in scalp hair of affected individuals ranged from non-
detectable to highs of 920 ug/g.%° Substantial mercury concentrations were found in target organs
of individuals who died; brains containing 2.6-24.8 ug/g, livers having 22-70.5 pg/g and kidneys
ranging from 21.2-140 pg/g.5* Approximately 2900 individuals have been officially certified as
having Minamata disease.®? The unofficial count is likely far greater, having been estimated to
have affected approximately 200,000 individuals.®® The environmental clean-up of Minamata
Bay and surrounding area was a huge operation, taking almost 10 years and requiring 1.5 million
m? of mud to be dredged and 71 000 m? of sludge to be enclosed in soil.!

1.7.2 Chronic exposures to organometallic mercury: Faroe Islands and New Zealand

Additional acute organic mercury exposure events including the mass 1970s Iraqi bread
consumption event* and the individual intoxication of the Dartmouth chemistry professor in
19964 were discussed previously and can also be reviewed in Chapter 4. More cases of organic
mercury poisoning exist but will not be discussed in detail here. Acute organic mercury
poisoning has been a heavily researched topic in all aspects, from examinations of autopsy
materials from poisoning events, to in vivo and in vitro experiments regarding mechanisms of
uptake, transport, toxicity and more. However, chronic organic mercury poisoning is somewhat
more difficult to study, and the effects of long-term exposure to low concentrations of
methylmercury are very much under debate. Interesting differences in mercury speciation in
acute and chronic cases of human exposure can be read about in Chapter 4.

Three large, longitudinal studies examining chronic exposure of human populations to
methylmercury have been under-taken with the aim of understanding subclinical effects of
exposure, with conflicting results. The Faroe Islands research was briefly summarized above;
with ultimate conclusions of a negative effect of chronic organomercury exposure on various
neurological and neurobehavioral endpoints of individuals followed from infancy to 14 years of

age.*"84% A similar set of studies was conducted in New Zealand where shark, a large predator
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fish likely to contain high concentrations of methylmercury, is periodically consumed as “fish
and chips” meals. A small group of 38 children aged 4 years were designated as a “high” Hg
consumption group and compared against 36 children of the same age designated to be the
reference, or “low” Hg consumption group.?’ Abnormal or questionable results were recorded in
52% of the high consumption group vs. 17% of the low consumption group, as determined by a
common developmental screening tool.?° A follow-up study was conducted on 237 children aged
6 years old and included numerous examinations focussed on fine and gross motor skills,
language development and social and general intelligence.? The results of these examinations
were regressed against maternal hair mercury levels, with numerous end points being negatively
associated with mean mercury measurements.?°
1.7.3. Chronic exposures to organometallic mercury: Seychelles

A third major epidemiological study was conducted on human populations residing in the
Seychelles where daily consumption of marine fish is the norm, albeit at concentrations estimated
at approximately 10 times lower than the other populations discussed above. An initial pilot study
was conducted using 789 infants ranging in age from 5 weeks to just over 2 years of age who
were examined for endpoints of muscle tone, deep tendon reflex as well as an overall
neurological exam.®® Results were regressed against maternal hair mercury concentrations during
pregnancy with no associations seen between mercury concentrations and abnormal results. A
main cohort study followed the pilot study with a total of 740 infant-mother pairs selected with
infants aged 6.5 months old, and having the same examinations performed as the pilot study.®
Once again, no associations were seen between abnormal or questionable results and maternal
hair mercury concentrations during pregnancy. Another study was conducted when 738 of the
same infants were 19 months old.®® Here, numerous developmental milestones were examined,
again with no associations to maternal hair mercury. Additional analysis of 711 infants from the
main cohort was performed at approximate ages of 5.5 years of age, with neurodevelopmental
assessments of reading, mathematical ability, language development, and other social and
cognitive endpoints.®® No adverse associations were seen with maternal hair, and interestingly,
one positive correlation was seen with an examination of language expression and increasing
maternal hair mercury.

The Seychelles study where no negative associations were seen differs from both the

Faroe Islands and the New Zealand studies, which identified negative effects on individuals in a

12



prenatal exposure to methylmercury as determined using both cord blood and maternal hair
mercury concentrations. With such conflicting results, it is clear that the effects of chronic
exposure to organic mercury compounds requires continuing research.

1.8 Zebrafish (Danio rerio) as a Model Organism for Heavy Metal Toxicology

Zebrafish (Danio rerio) are a highly versatile model organism for vertebrate development
and are commonly utilized to study the impacts of exposure to a variety of metals including
mercury, cadmium, copper, nickel and zinc, among others.%”¢8 |deal model organism
characteristics include their small size and short reproductive cycle as well as their high fecundity
and rapid development of larvae.®” Zebrafish larvae develop outside of the mother and their
developmental stages are very well characterized. However, this could also make zebrafish an
inaccurate model organism for researchers wishing to examine maternal or placental transfer
during gestation. The embryos produced are transparent®” which is useful for visualizing and
characterizing internal abnormalities resulting from experimental exposures. However, caution is
warranted as agents used to effect the transparency have been seen to interfere with the action of
metals.%® Administering food is unnecessary for the first seven days of life as larvae will utilize
the nutrients contained within the yolk sac during that time period.” As well, the conditions and
procedures for maintenance and optimal breeding of zebrafish is very well described.

Zebrafish have been seen to be sensitive to methylmercury exposure.’?’3 Uptake and
accumulation of inorganic and organic mercury species have been seen in larval zebrafish in
organs which are established target organs in human exposures.’*">® |_-type amino acid
transporters (LAT) transport is currently assumed to be the primary method of transport of
methylmercury within the human body, specifically at the blood-brain barrier.”” This has been
hypothesized in zebrafish as well” with the blood-brain barrier estimated to fully mature between
3 and 10 days post fertilization’®"® and transporters orthologous to human LAT shown to be
present.80

The importance of chemical form in toxicity has been demonstrated using larval
zebrafish.”® Methylmercury is known to cause damage to the primary visual cortex of the brain,
which has been linked to affected vision in individuals poisoned by organic mercury.®® However,
mercury has recently been shown to directly accumulate in the exterior layer of the lens of the
eye as well as the retinal pigmented epithelia following methylmercury-L-cysteine exposure.’ "

Mercury accumulation has been further specified to exist within the outer segments of
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photoreceptor cells within the retina following exposure to methylmercury chloride in zebrafish
larvae.®* Dynamics of organic mercury and selenium,®8 as well as impacts on sensory systems

due to inorganic mercury have been studied using larval zebrafish.®*

1.9 Statement of Purpose, Objectives, and Hypotheses

Methylmercury is recognized as a global pollutant with the ability to cause devastating
effects on both human health and the environment. Despite the long history of adverse effects of
mercury to human populations, there is much that is not known about its mechanisms regarding
transportation within the human body, its exertion of toxicity, and the defensive mechanisms
which are in place. The primary goals of this thesis were to better understand the toxicity of
organometallic mercury through the investigation of rare autopsy materials from acute and
chronic organomercury poisoning cases for the presence of mercury and chemical form of
mercury and selenium species. It also aimed to complement the autopsy studies by using the
well-described zebrafish vertebrate model organism to better understand LAT transport of
methylmercury in the human body and, given the brain tissue samples worked with, to highlight
the need for caution when determining methods of sample preservation. From work with
zebrafish, an unexpected observation led to the exploration of a potential defensive mechanism of
teleost fish against organometallic mercury. The specific objectives and hypotheses for each

individual experimental chapter of this thesis were as follows:

1.9.1 Chapter 3 objectives and hypotheses

Chapter 3 examined brain tissue from the historic Cat 717 experiment which occurred
during the time of Minamata disease in Minamata, Japan. These unique historical samples
originated from the Minamata Institute of Japan and became available for examination through a
fortuitous collaboration.
Objective of chapter:

Use high energy resolution fluorescence detection X-ray absorption spectroscopy
(HERFD-XAS) to determine chemical forms of mercury and selenium in a historical brain tissue
sample from Cat 717. As well, density functional theory (DFT) was used to test the validity of
the commonly held theory of methylmercury being released as a by-product of the chemical
processes occurring within the industrial plant which was responsible for the effluent release into

Minamata Bay.

Hypothesis:

14



The effluent waste to which Cat 717 was exposed contained mercury which was organic in
nature.

Experimental Predictions:

1. Mercury will remain detectable within the feline brain tissue, however, organomercury
may not still exist within this tissue.
Hypothesis:
The chemical processes occurring at the industrial plant did not result in methylmercury
production.

Experimental Prediction:

1. An alternative organomercury species, in addition to, or in place of methylmercury was

produced as an unintentional by-product.

1.9.2 Chapter 4 objectives and hypotheses

Chapter 4 was aimed at characterizing the chemical forms of mercury and selenium in
human brain tissue from individuals who experienced both acute and chronic exposures to
organomercury species. Brain tissue samples from poisoning events are typically rare and well-
protected; due to this fact a large portion of what has been discerned about the dynamics of
mercury in the brain comes from in vitro and in vivo research. The opportunity to examine human
brain tissue for mercury, post-exposure, was exceedingly unigue.

Obijectives of chapter:

Use HERFD-XAS to identify similarities and differences in speciation of mercury and
selenium in brain tissue samples from victims who had been either acutely or chronically exposed
to organometallic mercury to better understand the nature of mercury in human brain tissue.
Additionally, to determine whether preservation method (formalin-fixation vs. fresh-frozen)
affected the speciation of mercury and selenium in brain tissue samples.

Hypothesis:
The mechanisms of toxicity of acute and chronic organomercury exposures are the same.

Experimental Predictions:

1. No major differences in chemical speciation of mercury exist between acute and chronic
low-level exposures in human brain tissue samples examined.
2. Differences will be limited to concentrations of mercury between exposure scenarios,

with higher quantities of mercury being seen in brain tissue having had acute exposures.
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Hypothesis:
Formalin fixation preserves the level and form of mercury and selenium in tissue.

Experimental Prediction:

1. No differences in mercury or selenium speciation or level exist between formalin-fixed

and fresh-frozen brain tissue.

1.9.3 Chapter 5 objectives and hypotheses

Chapter 5 utilized larval zebrafish to further explore the potential consequences of
preservation method on mercury and various endogenous elements after working with formalin-
preserved tissues in both Chapters 3 and 4. Past research within this group has utilized a
methacrylate embedding protocol (which includes fixative steps) on mercury-exposed zebrafish
for the examination of mercury accumulation and distribution throughout various target tissues.
Objectives:

Use X-ray fluorescence imaging (XFI) to examine the effects of cryopreservation and
methacrylate embedding protocol on quantity and distribution of mercury and endogenous
elements in zebrafish larvae following exposure to organometallic mercury.

Hypothesis:
Methacrylate embedding protocol preserves the accumulation and distribution of mercury in
exposed larval zebrafish but disrupts the same in endogenous elements.

Experimental Predictions:

1. Qualitative and quantitative examination of mercury will yield no differences in the
vertebrate model organism, zebrafish (Danio rerio) which had been exposed to
methylmercury and subsequently cryopreserved or preserved using the methacrylate
protocol.

2. Endogenous elements which are inherently more mobile than mercury will be affected by
preservation method.

1.9.4 Chapter 6 objectives and hypotheses

The work accomplished in both Chapters 3 and 4 led to the consideration of the
mechanism by which methylmercury is transported across the blood-brain barrier. Scientific
literature commonly cites L-system transport as the mechanism (LAT) by which methylmercury
Is transported at the blood-brain barrier, blood-placental barrier, and ubiquitously throughout the

body.
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Obijectives:
Use toxicity studies with larval zebrafish to determine whether the toxicity of

methylmercury-L-cysteine could be ameliorated through co-exposure with various LAT
substrates and a LAT inhibitor, and further, to use XFI to determine whether co-exposure would
result in reduced uptake of mercury into target organs and tissues. As well, to determine whether
the (presumed) stereoselectivity of LAT transport would apply to methylmercury-p-cysteine by
testing the same endpoints with the same methods.

Hypothesis:

LAT is responsible for the transport of methylmercury in larval zebrafish. This transport is
stereoselective.

Experimental Predictions:

1. Co-exposure of larval zebrafish to methylmercury-L-cysteine and LAT substrates or
inhibitor results in increased survival of larval zebrafish as well as reduced uptake of
mercury into target organs compared to those exposed exclusively to methylmercury-c-
cysteine.
2. Survival is increased and mercury concentrations in target organs are decreased following
exposure to methylmercury-D-cysteine in larval zebrafish compared to those exposed to
methylmercury-L-cysteine.
1.9.5 Chapter 7 objectives and hypotheses

Similar to Chapter 6, the research in Chapter 7 was the result of the exploration of an idea
stemming from the research in Chapters 3 and 4. Defensive mechanisms against mercury became
a topic of interest after observing the demethylation of organic mercury occurring in the
aforementioned brain tissue samples. As well, demethylation of organometallic mercury is
known to occur in the mucosal-lined gastrointestinal tract of the human body. Previous work
completed within this research group with larval zebrafish and inorganic mercury demonstrated a
slight accumulation of mercury in the exterior layer of sectioned zebrafish, the region in which
mucosal production would occur.
Objectives:

Use XFI to determine whether accumulation of mercury in the exterior epithelial layer of
larval zebrafish occurs after exposures to various organometallic and inorganic forms of mercury.

Further, to use XAS to examine what compounds of sulfur exist in harvested steelhead trout
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(Oncorhynchus mykiss) mucosa, and what compounds of mercury form after titration of
organometallic or inorganic mercury with such mucosa.

Hypothesis:

Exterior epithelial layer of larval zebrafish and teleost mucosa are both targets for various forms
of inorganic and organomercury.

Experimental Predictions:

1. The exterior epithelial layer of zebrafish, where mucosa is produced accumulates both
organic and inorganic mercury.
2. Harvested mucosa of the steelhead trout forms complexes with both organometallic and

inorganic mercury when titrated together.
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CHAPTER 2: SYNCHROTRON BASED TECHNIQUES: INTRODUCTION AND

EXPERIMENTAL ASPECTS

2.1 Synchrotron Introduction

A major portion of the studies of toxicology of mercury presented in this thesis rely on
two techniques — X-ray fluorescence imaging and X-ray absorption spectroscopy — which are
conducted using synchrotron light. This chapter serves to provide an overview of the principles
and experimental aspects of these techniques. The first section of this chapter provides a high
level overview of the synchrotron including a brief discussion on relevant optics (Sections 2.1 —
2.3). The second half of this chapter builds on this introduction by providing additional
background on the techniques. It will explore some relevant theory behind X-ray spectroscopy as
well as provide an examination of the experimental data collection and analysis approaches
utilized for the techniques in this thesis (Section 2.4). This is not intended to be an in-depth
discussion covering the mathematics or physics behind the theory; however, relevant equations
will be noted with citations for material containing such detailed discussions. This introduction
will focus on pertinent elements of the synchrotron as is relevant to the experiments conducted as
part of this thesis with the intention of keeping the discussion high-level and yet accessible to a
wider audience. Table A.2.1 (Appendix A) contains definitions for symbols found in all

equations.

2.1.1 Synchrotrons: The basics

A synchrotron is a closed-path particle accelerator that produces electromagnetic radiation
(photons, including X-rays) through the acceleration of electrons at speeds nearing the speed of
light and uses radio frequency to synchronize the electron pulses. The synchrotron radiation
produced is highly bright and tunable. This beam of light is often referred to as a “white beam,”
meaning it is comprised of a continuous spectrum, with photon energies ranging from the infra-
red to highly energetic X-rays, from which specific energies can be selected in an experimental
set-up. A synchrotron is designed as a large ring-like structure, from which synchrotron radiation
is emitted tangentially as changes in direction of the electron beam occur, as influenced by
magnetic components. Beamlines organized around the diameter of the ring focus, tune and shape

the synchrotron light to individual experimental enclosures for a variety of experiments.
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Components within each individual beamline will determine the specific capabilities of each

beamline.

2.1.2 Source, LINAC and booster ring

An electron gun is the typical source of electrons in a synchrotron. Here, a cathode is
heated using an electrical current to approximately 1000 degrees resulting in the release of
electrons which are pulled into the linear accelerator, the first step of acceleration. The linear
accelerator is comprised a series of radio frequency (RF) cavities which boost the energy of the
electrons while simultaneously synchronizing the electrons into bunches. These electron bunches
are transferred into the booster ring, also called a booster synchrotron which is responsible for
further accelerating electrons to relativistic speeds (those nearing the speed of light, and the speed
at which they are required to be at to enter the storage ring). These electrons will be
synchronously introduced into the storage ring for circulation. Synchrotrons which run in “top-up
mode” continuously add synchronized bunches of electrons into the storage ring to replace the

electrons and to maintain the circulating electron current over time.

2.1.3 Storage ring

The storage ring is the ring which contains circulating electrons that are accelerated to
their highest speed. The ring can be considered to be a many-sided polygon with bend magnets at
the corners, which serve to accelerate and deflect the electrons between one straight section
(polygon edge) and the next, accelerating the electron beam towards the centre of each bend,
causing them to curve around each bend in the ring. In first, second, third and some (but not all)
fourth generation synchrotron sources, many beamlines exist having simply a bend magnet as the
photon source.

Synchrotrons are commonly described based off the electron beam energy in GeV (where
1 Giga electron volt = 10° eV, with an electron volt being energy gained by accelerating an
electron through a potential of 1 volt). It is important to note that the velocity of the circulating
electrons is relativistic even for relatively low-energy synchrotron sources (e.g. 1.2 GeV for the
Thai synchrotron) just as with higher electron beam energy synchrotron sources (e.g. 7 GeV for
the Advanced Photon Source). However, the angular distribution of the beam is inversely related
to the beam energy of the synchrotron, where a synchrotron with a higher energy beam is capable
of producing a beam with less angular divergence (or is more tightly collimated). Another

important synchrotron characteristic is the emittance of the beam, which can be described in
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layman’s terms as the “electron beam fuzziness” and can be envisioned as the opposite of a beam
which is tightly collimated. This characteristic is commonly associated with the physical size of
the storage ring itself, whereby a smaller synchrotron source requiring stronger bend magnets
will produce an electron beam with higher emittance compared to a larger facility with fewer
bend magnets. Here, a smaller emittance results in a brighter beam, which is preferable.

Insertion devices, either wigglers or undulators are commonly placed in the straight
sections of the storage ring and serve to increase the photon flux of its designated beamline. Both
wigglers and undulators by design are a paired series of magnets which are separated by a gap
through which the electron beam passes, forcing the beam to “wiggle” from side to side, releasing
fans of synchrotron radiation (photons) as it does. In the case of a wiggler, the result of the
electron beam passing through is the production of fans of photons throughout which do not
align, resulting in a beam which is more intense than a bend magnet but with a broader fan and a
more continuously varying intensity as a function of energy. In the case of an undulator, the
deviations of the electron beam from side to side are minimal, resulting in an intense beam at
defined energies whose angular divergence is small.

2.2 Beamline 7-3 (SSRL): X-ray Absorption Spectroscopy (XAS)

The technique of XAS involves the collection of spectra which are used for determining
the chemical form of a particular element, specifically including information on the immediate
ligands including ligand bond length and numbers of atoms bound to the element of interest in a
defined spot on the sample being investigated.® These XAS spectra can also give information on
chemical forms present in mixtures which may occur in complex biological materials.?** This
technique was utilized herein to investigate the chemical forms of mercury and selenium present
in brain tissue (Chapters 3, 4) and epidermal mucosa collected from local Saskatchewan
steelhead trout, Oncorhynchus mykiss (Chapter 7).

All XAS data collected in this thesis were measured at the Stanford Synchrotron
Radiation Lightsource (SSRL), Menlo Park, CA. The majority of this data, specifically XAS of
mercury and selenium, were measuring using SSRL beamline 7-3, which is described in the
following sections. High energy resolution X-ray fluorescence detection XAS (HERFD-XAS) of
mercury and selenium were collected on SSRL beamline 6-2, and is described briefly later in the
chapter. The sulfur K-edge data were collected at SSRL beamline 4-3, which is described in
Chapter 7.
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2.2.1 Source — to — experimental hutch (7-3)

The source at SSRL beamline 7-3 is a permanent 2T wiggler producing an intense beam
containing a broad spectrum of energies. The following discussion highlights important
characteristics and roles of key optics present at this beamline.

One of the key optical components of the beamline is the monochromator. This is the
most important piece of equipment in selecting the energy that will be used in the experiment in
question. An important quality of the monochromator is good energy resolution, meaning the
outgoing photon beam contains a narrow spread of energies which have been selected from the
radiation received from the wiggler, which contains many energies. Ideally, the outgoing beam
also has a high photon flux (meaning it contains many photons).

Beamline 7-3 employs a double crystal monochromator which is comprised of two
individual single crystals of silicon containing highly ordered crystal lattice planes which serve to
diffract the photon beam with a specific angle corresponding to a specific energy. The incoming
beam is diffracted off the first crystal and onto the second crystal. Diffraction is dependent upon
the Bragg equation which is defined as nA = 2dsin where 6 is the angle between the lattice
planes and both the incident and diffracted beam, d is a fixed value defined as the separation of
the crystal lattice planes, and 1 is the wavelength which is inversely related to energy. Hence,
adjustment of 0 results in a change to the desired energy, essentially allowing a tunable incident
energy for the experiment. Diffraction off one crystal deflects the beam and diffraction off the
second returns the outgoing monochromatic X-ray beam to be close to the horizontal plane. It is
important to note that while the incoming beam can be diffracted forwards at the specific energy
selected, secondary diffraction in a different direction at a specific energy can cause a crystal
“glitch” resulting in a loss of beam intensity at that particular energy. It is important to be aware
of where the crystal glitches exist in order to avoid them.

The Bragg equation includes the integer n, meaning that more than one energy can be
diffracted for a given angle. In general, n=1 is the fundamental, desired energy, and n>1 are
undesirable harmonics. If adjustable optics are part of the beamline, then rejection of harmonics
(unwanted energies) can be accomplished by setting the incident angle of the X-ray mirror to
reflect the fundamental but not the harmonics. Alternatively, a process called “detuning” the
monochromator may be used. Here the one crystal of the double crystal monochromator is offset

from the other in angle. Because the rocking curve — the variation in intensity with angle — is
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steeper for the harmonics than for the fundamental — detuning in this way by approximately 60%
of peak intensity will preferentially rid the beam of harmonics. Beamline 7-3 allows for a wide
energy range of experiments including the energies of absorption edges for the mercury Li-edge
and selenium K-edge XAS experiments requiring incident energies in the hard X-ray regime of
12 284 and 12 658 eV, respectively (see Section 2.4.1).

Mirrors which may exist at both upstream and downstream locations in reference to the
monochromator are essential for numerous things including distribution of the power of the beam
(so as to not cause damage to downstream elements), harmonic rejection of unwanted energies
(discussed above), as well as shaping of the beam. Shaping the beam includes vertical collimation
whereby a vertically diverging beam is made effectively parallel, as well as focussing where the
now vertically parallel beam is reflected in such a way that it becomes focussed into a small
point. 7-3 has a vertically collimating mirror which can be optionally inserted or dropped from

the beam path.
2.2.2 Experimental hutch (7-3)

As the incident beam enters the hutch it encounters the first component involved in
detection, an ion chamber. The ion chamber located directly upstream of the sample is commonly
referred to as lo. The ion chambers used in these experiments were N2 gas-filled chambers which
contain two parallel metal plates to which a high voltage is applied resulting in the separation of
positive and negative charges as the X-rays pass through. This creates a current which is
proportional to the intensity of beam which will be attenuated after passing through and being
absorbed by the sample. This change in intensity is measured by another ion chamber located
directly downstream of the sample, called I1. This setup is called transmission detection which
can be understood as the result of defining the absorption of X-rays by a material. This method of
detection is typically utilized for concentrated samples, as well as when measuring a calibration
foil as an energy standard. In this work, an internal calibration using a calibration foil is present
downstream of the sample between ion chambers 11 and I.. This data is utilized for calibrating
each sweep of the experimental data collected as well as for calibrating the monochromator to the
correct energy prior to data collection.

When measuring samples which contain dilute levels of the element of interest, a
fluorescence detection setup is often utilized whereby the fluorescence given off the sample is

collected using an energy dispersive fluorescence detector located at a 90° angle to the incident
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beam in the horizontal plane, to minimize scatter. The sample typically is situated at a 45° angle
to the incident beam within a helium gas-filled cryostat kept cool at 10K to reduce thermal
vibrations and for prevention of beam damage to the sample. The detector utilized at beamline 7-
3 in the experiments described within this thesis was a 30-element germanium solid-state
detector. An advantage of this type of detector is that it allows for the electronic “windowing” of
the fluorescence coming from the element of interest, meaning only the photons found within this
specific energy range are counted. These counts as a function of incident energy are translated
into the resulting XAS spectra. A disadvantage of solid-state detectors is they are limited by high
count rates. Count rates which are very high result in non-linearity of the detector. This means the
electronic processing capabilities of the detector become overwhelmed with photons resulting in
some photons being essentially lost from the experiment (not counted). The reason for this is that
each photon takes a short but defined amount of time to register. If a second photon arrives
before that time is completed, the second photon will not be counted, and moreover this “dead
time” period starts over upon arrival of the second photon. A related consequence of the high
count rates is that the energy resolution of the detector becomes degraded, resulting in a higher
degree of overlap of elements. An additional problem which can occur with very concentrated
samples (related to high count rates) is detector pile-up. This occurs when the distinct energies of
two photons arriving at the detector aren’t counted individually (e.g. 6 KeV and 6 KeV), but
instead are counted as a single photon of higher energy (e.g. 12 Kev).

High count rates at the detector can be reduced by using various materials which aid in
filtering out unwanted photons, of which the majority for dilute biological systems is scattered
radiation. The components include X-ray filters and Soller slits, which are placed between the
sample and the detector. X-ray filters incorporate an element with an absorption edge of the filter
material which is lower than the absorption edge of the element of interest, but higher in energy
than the fluorescence energy of the energy of interest. For lower atomic number (Z) elements of
interest including selenium, X-ray filter materials are commonly based of the simple formula Z-1
and aid in absorbing X-ray scatter while leaving the fluorescence of the element of interest
unchanged. Here, arsenic filters were used for selenium XAS. For higher Z elements this formula
doesn’t apply; gallium filters were used for mercury XAS. Since additional fluorescence is also

given off by the filter itself, Soller slits are then placed between the X-ray filter and the detector
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to minimize additional undesirable fluorescence including given off by the X-ray filters, while
maximizing fluorescence coming from the sample itself.

It is important to note that X-ray fluorescence, which is the result of attenuation of X-rays
by matter and the resulting emittance of X-ray photons, differs from visual fluorescence.
Fluorescence microscopy, for example, relies on the illumination of matter with light of a certain
wavelength which becomes absorbed by the fluorophores present in the fluorescent dye to which
a sample may have been treated. The fluorophores emit light at wavelength distinct from the

absorbed wavelength.

2.3 Beamline 20-1D-B (APS): X-ray Fluorescence Imaging (XFI)

The technique of XFI involves the re-creation of the sample being investigated as a digital
image coloured specifically to reflect accumulations of individual elements in every part of the
sample. This technique was utilized in this thesis to investigate mercury and essential metals in
complex biological samples including human brain tissue (Chapter 4) and the model organism

larval zebrafish, Danio rerio (Chapters 5, 6, 7).

2.3.1 Source — to — experimental hutch (20-1D-B)

Beamline 20-1D-B (Advanced Photon Source (APS), Argonne National Laboratory,
Argonne, IL) is where all imaging data was collected aside from one single image which was
collected at the nano-imaging beamline 2-1D-D, also located at APS. The following discussion
will not reiterate what has been discussed above but will simply add relevant details regarding the
setup of this beamline.

The source of beamline 20-1D-B is an undulator, creating a very intense beam of a narrow
energy spread. This beamline employs a Si(111) double crystal monochromator with an upstream
Rh-coated silicon mirror. Micro-focus optics are responsible for the very small spot sizes
achieved at most XFI beamlines. The micro-focus optics used on 20-1D-B are a Kirkpatrick-Baez
mirror pair (KB mirrors) which serve to focus the beam in both the horizontal and vertical
direction to the spot size of 5 um x 5 um. The nano-imaging beamline 2-1D-D employs Fresnel
zone plates in place of KB mirrors which produces a micro-focussed beam with a minimal spot

size of approximately 250 nm.

2.3.2 Experimental hutch (20-1D-B)
Similar to the XAS fluorescence detection setup, the sample at 20-1D-B is oriented at a
45° angle to the incoming beam with a silicon drift Vortex® detector located at a 90° angle to the

32



incident beam. lon chambers are present directly upstream and downstream of the sample for
measuring both the incident beam and the absorption occurring at the sample. An additional
optical microscope is situated at a 90° angle to the sample to monitor the sample throughout data

collection as well as to position the sample within the beam.
2.4 Principles of X-ray Absorption Spectroscopy and X-ray Fluorescence Imaging Theory

2.4.1 X-ray fluorescence imaging (XFI)

The theory of X-ray absorption spectroscopy centres on the concept of how X-rays
interact with matter. An incoming X-ray beam with a given energy incident upon some form of
matter (solid, liquid, gas) may interact in a number of possible ways. The incident photon may be
transmitted through the matter with the X-ray remaining unchanged in energy or direction, it may
interact with said matter in such a way which results in no change in energy but a change in
direction of the energy (elastic scatter), it may result in a change in both energy and direction
(inelastic scatter), or it may become absorbed by that matter.®> The absorbance of X-rays into
matter as a function of incident energy can be measured by transmittance or by fluorescence,

which are defined by the equations:

A = ux = Ink (2.1)
1
1
and
A, oc L 2.2
f Io ( . )

where Ax is the absorbance measured by directly via transmittance or indirectly via fluorescence,
H is the X-ray absorption coefficient, x is the sample depth, lo is the incident energy prior to the
sample, 11 is the beam intensity post-sample, and It is the intensity of the fluorescence. Measuring
the absorbance by way of fluorescence is commonly done with dilute samples which are either
dilute or thin whereas transmittance is utilized for samples which have a high elemental
concentration (e.g. standard foils).

X-ray absorption spectroscopy depends on absorption of X-rays by matter. The threshold

energy (Eo) of an element, also known as the electron binding energy, is defined as the specific
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energy required to excite a core-level electron beyond its normal bound state into unfilled bound
states, unbound and quasi-bound states (called XANES, discussed below).®> Electrons are excited
fully into the continuum as the incident energy becomes sufficiently higher than this threshold
energy (called EXAFS, discussed below).> Absorption of X-rays at specific energies results in
excitations of electrons from different atomic shells (e.g. 1s, 2s, 2p, etc.) which correspond to
different X-ray absorption edges, referred to as K-, L-, M- edges,® etc. This thesis focussed
primarily on data collected at the mercury Lm-edge and selenium K-edge. The mercury Li-edge
has an assumed electron binding energy of 12 284 eV which corresponds to the excitation of 2pa.
electrons while the selenium K-edge electron binding energy is assumed to be 12 658 eV which
corresponds to the excitation of 1s core-level electrons.® As an electron is excited by the incident
photon as a photoelectron, there is concomitant decay of an outer shell electron into the vacancy
created.® An outer shell electron may decay by releasing a fluorescent photon, a concept which is
utilized in both X-ray absorption spectroscopy and X-ray fluorescence imaging through
translation into XAS spectra or an XFI image.

As discussed previously, the excitation of a core-level electron with the concomitant
decay of an outer shell electron to fill such an unstable core-hole is accompanied by the release of
a fluorescent photon.® To summarize it simply, the XFI technique is centred on the detection of
fluorescent photons as a function of the incident beam’s location on the sample, with the data
being translated into a digital reconstruction of the sample which is elementally specific. Photons
are emitted at characteristic emission lines for each element which are a function of the
absorption edge energy and can be found in the X-ray data booklet.® The energy of these
emission lines are lower in energy compared to the excitation energy of the element being
measured. Absorption at the mercury Lm-edge results in Loz and Loz emission lines which are
present at 9988.8 and 9897.6 eV, respectively, with Las having the highest relative intensity
while absorption at the selenium K-edge results in Kaz and Kaz emission lines present at 11
222.4 and 11 181.4, with Ko having the highest relative intensity.® Absorption at the sulfur K-
edge results in Koz and Ko emission lines very close in energy, at 2307.8 and 2306.6 eV, with
Kay having the highest intensity.® XF1 and conventional XAS detectors do not separate these
emission lines; fluorescence is measured as the combined o 2.

The XFI technique is different from the XAS technique where an energy range is chosen
and swept through, exciting the absorption edge and the region beyond. In XFI, a discrete energy
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is selected which is high enough to encompass the energies of all emission lines of interest. In the
XFI experiments conducted in this thesis, an incident energy of 13 450 eV was consistently
chosen for the collection of mercury fluorescence as well as the fluorescence of a variety of
biologically relevant elements including selenium, sulfur, calcium, copper and zinc.”®This also
provided an excitation energy below the bromine K-edge which occurs at 13 474 eV, to avoid
exciting fluorescence from bromine which is a contaminant of many plastics which may be

present in the experimental set-up.’®

2.4.2 XFI data collection

At beamline 20-1D-D (Advanced Photon Source, Argonne, IL), the sample stage within
the experimental hutch is located at a 45° angle to the incoming X-ray beam while the detector is
positioned at a 90° angle, which is similar to an XAS collection arrangement.® Here, a collimator
was attached to the end of the X-ray pipe to minimize stray scatter and fluorescence of non-
sample origin from reaching the detector. Fluorescent photons were collected by a 4-element
silicon drift Vortex® detector. Here the detector diodes are silicon-based rather than germanium-
based as is the case with the XAS detector. An optical microscope was present at a 90° angle to
the sample for the purpose of monitoring the sample during collection.® An on-line optical
microscope is a useful tool for monitoring the physical sample when a collimator is employed,
which can be placed very close to the sample but not so close that it encounters the sample.

Key XFI parameters which are adjustable at the beamline include the step size (a
measurement of how large each pixel is) and the dwell time (how long the X-ray beam
interrogates each pixel of the sample).® In this thesis, all data collected at 20-1D-D was defined by
a5 um step size and a 600-millisecond dwell time (Chapters 5, 6, 7). Data were collected in “fly
scan” mode, meaning data collection is continuous. In this way, XFI images are slowly “built”
from the bottom left-hand corner of the sample to the top right-hand corner, with each pixel
containing spectra from numerous elements. A typical zebrafish head section is somewhat
smaller than 1 mm by 1 mm and yet takes approximately 3-4 hours to collect a fluorescence map.
Standards with known concentrations are collected in the same run, in the same environment and

using the same specifications as the experimental data.’

2.4.3 XFI analysis
Most of the XFI images collected in this thesis were analyzed using the “binning”

technique, whereby a low and high boundary are placed on either side of an electronic window
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which has been centered on the fluorescence emission line of each element of interest. The area
under the peak, in reference to the concentration standards, determines the quantity of each
element present in each pixel of the experimental sample.® This is a relatively simple method of
analysis which is considered to be quite accurate, however, one must be aware of the potential for
unintendedly overlapping windowed elements whose fluorescence lines are in close energy
proximity.® This would result in a false signal and could lead to misinterpretation of results. An
alternate method of analysis which is becoming increasingly common is peak-fitting, where the
peak produced at each elemental emission line is baseline corrected and fit accordingly.
Numerous programs exist which accommodate this technique, including PyMCA,** MAPS!! and
M-BLANK_.2 PyMCA was utilized in this thesis for control (non-mercury treated) samples only.

Once all images have been acquired, they are collectively normalized by dividing the
image pixels by the value of lo (the fluorescence of the incoming X-ray beam). A small region of
the background in each image then is selected for and subtracted from each pixel in the image, to
account for non-element background counts from scatter or other sources.”*3!* Finally, images
are quantified into units of areal density (ug/cm?) using the calibration standards collected.”**14
All elements are calibrated using a standard of the same element with the exception of mercury,
which is calibrated using both thallium (TI) and gold (Au) standards. The values from both of
these standards, which fall on either side of mercury on the periodic table (Z+1 and Z-1), are used
to interpolate the mercury value, as it has been noted that mercury standards decrease in
concentration over time, probably through loss of vapor phase Hg, making them unreliable for
quantification.4
2.4.4 X-ray absorption spectroscopy (XAS)

At excitation energies just below that needed for complete ejection into the continuum,
photoelectrons may be excited into bound states in vacant outer shells.!® The pattern of
absorbance as a function of energy encompassing these bound-state transitions and the absorption
edge itself are referred to as the near-edge spectrum, or XANES (X-ray absorption near-edge
structure) and can provide valuable information on the electronic state and even the geometric
coordination and nature of the ligands around the absorbing atom.® The near-edge spectrum
essentially provides a “fingerprint” of the unknown chemical species within a mixture, which can
be analyzed through linear combination fitting with a library of standards which were analyzed

for the same absorber atom (e.g. Hg near-edge experimental data compared to a library of Hg
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near-edge compounds) under similar conditions.®® In this thesis, mercury, selenium, and sulfur
near-edges were compared against a library of biologically relevant standards which contained
25, 12, and 19 standard compounds, respectively. The strength of this type of near-edge analysis
relies on the number and importantly, on the relevance of the standard spectra which are available
for comparison. This thesis has the benefit of drawing on comprehensive libraries of previously
collected spectra compiled over time from within the current research group for the elements
examined.

An X-ray absorption spectrum is conventionally divided into two energy regions (Fig.
2.1) which can be analyzed to provide complementary information about the central, absorbing
atom. The first such component is the near-edge which comprises the initial 50-100 eV of the
spectrum occurring beyond the absorption edge'® and has been discussed above. The EXAFS
(extended X-ray absorption fine structure) component highlighted in Fig. 2.1 is the second
component and is comprised of the oscillating extended high energy side of the spectrum.

Here we return to the concept of the photoelectric effect. At the energies of the EXAFS,
the photoelectron has been ejected into the continuum. In the case of a molecular compound, the
photoelectron will interact with atoms surrounding the absorbing atom which are referred to as
backscattering atoms.® These are the atoms to which the absorbing atom (e.g. mercury) is bound
as ligands or other atoms in close proximity. Here it may be useful to envision the outgoing
photoelectron as a de Broglie wave, which, in its interactions with backscattering atoms may
experience both constructive and destructive interference when the wave is in and out of phase,
respectively, with the backscattered wave from said backscattering atoms.*® As the energy
increases past the absorption threshold energy (Eo), the photoelectron wavelength decreases.
These interactions give rise to the oscillatory part of the XAS spectrum which are referred to as
EXAFS.

The EXAFS (x), equation can be simplified into:

E] u(E)— po(E)
= e— 2-
X( uo(E) ( 3)

which in its simplest explanation is the oscillatory part of the absorption coefficient, u(E),

subtracted by the theoretical, non-oscillatory part of the absorption coefficient, xo(E) with the
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energies expressed in eV. The expanded EXAFS equation” which can be sub-divided into three

parts (amplitude, frequency and phase, and the Debye-Waller term) becomes

amplitude frequency and phase
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where firstly, lowercase “i1” indicates that the following values are specific to a single
backscattering atom type, and the sum is over all backscattering atoms types being considered.
Important terms for the purposes of curve-fitting the EXAFS include N; as the coordination
number (the number of atoms coordinating the absorber atom) for atom type i (e.g. 4 sulfur atoms
bound to mercury), R; is the pathlength between the absorbing atom and backscattering atom type
i (e.g. Hg-S bond length of 2.35 A) and o2 being the Debye-Waller term, which is defined as the

mean square deviation in R;.

2.4.5 XAS data collection

No single discrete energy point is used in an XAS experiment, as is the case with X-ray
fluorescence imaging. Rather, an energy range specific to the element of interest is swept, with
the absorbance being measured as a function of energy. The so-called “sweep” moves from a low
to high energy and is set to encompass three distinct regions of the XAS spectrum which are a
function of energy (eV) including the pre-edge, the absorption edge with the near-edge region,
and the EXAFS region (Fig. 2.1). The pre-edge, corresponding to energies at which the incident
photon is not quite sufficient to excite an electron is typically collected from about 200 eV below
the absorption edge for background subtraction purposes. The collection of data at the absorption
edge will typically utilize small “steps” in energy with each step having a relatively small dwell
time. This is to achieve good resolution at the edge which contains many features which can be
used to provide additional spectral information as was discussed previously. The EXAFS region
is collected with slightly larger step sizes, but also longer dwell times for achieving good signal-
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to-noise on the oscillations present in this region. The product of this sweep in its entirety will be
an XAS spectrum, with this process being repeated many times over to ensure reproducibility and
to improve signal-to-noise. Samples which contain dilute elemental concentrations will be swept
more times than those which are concentrated. In this thesis, samples such as brain tissue
containing dilute concentrations of mercury or selenium were scanned an average of 13 times
over, which results not only in many consecutive hours of data collection, but also produces
many individual spectra per sample.
2.4.6 XAS analysis

Upon collection, XAS spectra are analyzed using the EXAFSPAK suite of programs

(https://www-ssrl.slac.stanford.edu/exafspak.html).?® Initial steps include data reduction, data

calibration, and data averaging. Data reduction includes the removal of dead detector channels
(channels which display no experimental data) and the removal of abnormal spectra (those which
have been photo-oxidized or photo-reduced, data with ice diffraction effects, etc.). Following
this, every spectrum is then calibrated to the first inflection point (in energy) of a calibration foil
which is collected internally and simultaneous to data collection. In this thesis an Hg-Sn
amalgam standard foil was used for Hg L edge and a gray hexagonal elemental Se standard foil
was used for Se K-edge with the lowest-energy inflection points assumed to be 12284 and 12658
eV, respectively. All spectra are then averaged together to produce a single representative
spectrum which utilized for all following analyses.

The averaged spectrum is then background-subtracted by fitting against the pre-edge
region. Subsequent to this, a polynomial function called a spline is fit to the data beginning just
above the absorption edge and passing through the middle of the EXAFS oscillations. The
purpose of this is to normalize the edge jump to unity as well as to extract the EXAFS. The
EXAFS are k*-weighted with the purpose of enhancing the EXAFS amplitudes occurring at the
high end of the k-range, which are rapidly highly damped as a function of k. A Fourier transform
of the EXAFS provides an intuitive representation which is easier to visually interpret compared
to the EXAFS oscillations themselves (Fig. 2.1). A phase-correction for the primary backscatterer
is defined here (e.g. when analyzing Hg EXAFS of mercuric selenide, the primary backscattering
atom is defined as selenium). While the EXAFS are plotted in k-space, the Fourier transform are

plotted in R space, with peaks centred at distances in R (when phase-corrected), which are
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indicative of bond lengths between the absorbing atom (e.g. mercury) and the backscattering
atom (e.g. sulfur) and are articulated in units of A (angstroms).

The final stage of EXAFS analysis is performed using the OPT program in EXAFSPAK.
This program allows for the refinement of three key parameters in the experimental data from the
perspective of the absorbing atom: the bond length (R) between absorber and backscatterer, the
number of backscattering atoms (N) and the Debye-Waller factor (c2) in order to minimize the
differences between the experimental EXAFS data and the theoretical calculated scattering paths.
In this thesis, theoretical phase and amplitude functions were calculated using the program FEFF
(version 8.25). One of the primary strengths of the technique is the accuracy with which
interatomic distances (R) between absorbing atom and backscattering atoms can be determined,
commonly within 0.02 A.* The Debye-Waller factor is an important component which accounts
for the innate vibrational and static contributions of individual atoms. All atoms have an innate
vibrational behavior which can be dampened at lower temperatures; it is for this purpose that
EXAFS samples are kept cool at a temperature of 10 K during data collection. The number of
backscattering atoms (N) is usually changed in a stepwise manner as correlations are high if it is
refined simultaneously with 2. The program FEFF, which is a standalone program but which can
be run within EXAFSPAK, provides ab initio theoretical pathway calculations of the local
structure surrounding the absorbing atom, which can be compared with the experimental data to
further refine the model of the ligand environment.'® The accuracy of the fit can be measured
throughout, using a goodness-of-fit parameter with the goal of minimizing this value as much as
possible.

It should be noted that bond length resolution or discrimination of two similar distances
for similar ligands is not a particular strength of the EXAFS technique.! The resolution is limited

by the k-range collected, given by the formula:

AR ~ — (2.5)

In this thesis, mercury EXAFS were collected to a maximum k-range of 12 A which in
turn calculates into a bond length resolution of 0.13 A while selenium EXAFS were collected to a
slightly larger k-range of 14 A, resulting in a bond length resolution of 0.11 A. This rule

generally applies to ligands which are close in atomic number. For example, Hg EXAFS ligands
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Figure 2.1: Hg spectrum featuring highlighted sections. Individual tiles depicting each region
alone, including the near-edge spectrum, k3-weighted EXAFS oscillations and the corresponding

Fourier transform. Figure modified from the work of G.N. George and 1.J. Pickering.*®
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which are closer in distance than 0.13 A cannot be resolved. Thus, two Hg-O having bond
lengths of 2.1 and 2.2 cannot be individually resolved, but rather contribute to the static Debye-
Waller factor.

Ultimately, refinement of EXAFS data can become a model building exercise which must
be executed carefully and thoughtfully, keeping in mind what chemical compounds are plausible
and which are not. Success in applying EXAFS to questions in the toxicology of heavy metals
involves broad interdisciplinary skills, often incorporating knowledge of chemistry and physics
which may be best accomplished through collaboration. Assuming this can be achieved, EXAFS
as a technique has many strengths. As mentioned previously, bond lengths can be determined
with accuracy which is essential in defining chemical compounds. Samples can be analyzed
regardless of phase (solid, liquid, gas), or heterogeneity (such as biological tissues or sediments)
with little to no pre-treatment aside from loading into sample cuvettes.* This technique is highly
compatible with other techniques including density functional theory (DFT); refinements from
EXAFS can be compared with DFT calculations for confirmation of chemical compounds and for
production of three-dimensional representations of such compounds, as well as for consideration

of chemical processes (see Chapter 3).

2.5 High Energy Resolution Fluorescence Detection X-ray Absorption Spectroscopy
(HERFD-XAS)

HERFD-XAS is a relatively new technique which produces spectra which have
significantly enhanced sensitivity to speciation compared to those produced by conventional
XAS. The enhanced resolution is a result of the partial elimination of core-hole lifetime
broadening effects. The core-hole lifetime produced in the initial photoexcitation event on a
timescale is incredibly small (fractions of a femtosecond) and increasingly so with increasing
atomic number.?° Specifically, this event includes the excitation and subsequent ejection of a
core-level electron. Broader spectral resolutions are associated with smaller core-hole lifetimes.?°
When using conventional XAS the broadening effect on the spectra of some elements can create
difficulties in distinguishing specific chemical environments of the element, especially when
present in a mixture. Mercury is indeed, such an element with broad spectra that can be hard to
speciate with confidence (see Figure S3.2, Figure 4.1).2! In HERFD-XAS, the exceptionally high
energy resolution detection of the X-ray fluorescence is related to the core-hole lifetime of that

which was created through the decaying of an outer shell electron into the initial core-hole and
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release of the fluorescent photon rather than the initial photoexcitation event.?? This allows for
the selection of a sliver of the emission line of an element which produces increasingly sharp
features on the resultant spectra (Chapters 3, 4).22 While the major source of degradation of
spectral resolution is core-hole lifetime broadening, optical broadening effects also contribute,
and with the HERFD-XAS experiment, broadening contributions will come from both the
analyzer optics and the monochromator. At the X-ray energies of Hg Lal and Se Kal and with
analyzer Bragg angles of 82° and 85°, respectively, we estimate an analyzer resolution of
approximately 0.9 eV. In addition, there will be a broadening contribution from the
monochromator which at the Hg Ly and Se K-edge energy will be approximately 0.3 eV for a
Si(311) monochromator. We note that the monochromator resolution is an inherent function of
the crystal cut; for example, this resolution would be poorer if a Si(220) were used and
substantially improved with a Si(511).

Experimental set-up at SSRL beamline 6-2 includes a Johann-arrangement of multiple
crystal analyzers which are elementally specific as well as the precise placement of the sample
and a single-element silicon drift detector.? In this thesis, Si(555) crystals mounted onto the
Johann-spectrometer were used to capture Hg Las fluorescence emission and Si(844) crystals
were used to capture Se Koz emission (Chapters 3, 4). All three of these experimental elements
(sample, Johann crystal spectrometer and detector) exist together in a geometrical arrangement
called Rowland circles. Briefly, the incident beam interrogates the sample, which produces
fluorescence at an emission line of known energy. This fluorescence encounters the arrangement
of crystal analyzers which is then directed towards the silicon drift Vortex® detector (Hitachi
High-Tech Science America, Schaumburg, Illinois, USA).

Although the experimental set-up is unique from what is seen at a conventional XAS
beamline, the data collection is similar. Fluorescence at a specific emission line is collected as the
energy is scanned through a discrete range. Energy calibration is achieved using standard foils as
on 7-3. Once HERFD spectra are collected, they are analyzed in a manner which is very similar
to XAS data. HERFD data are reduced, calibrated, and averaged followed by background

subtraction and normalization. EXAFSPAK is then utilized as a fitting program.
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CHAPTER 3: RETHINKING THE MINAMATA TRAGEDY: WHAT MERCURY SPECIES

WAS REALLY RESPONSIBLE?

3.1 Preface

Minamata disease, which occurred during the 1950s and 1960s in Minamata, Japan is
among the most devastating examples of organometallic mercury poisoning of human
populations. Here, an industrial factory was releasing mercury-contaminated effluent into
Minamata Bay from which local human and wildlife populations consumed fish and seafood
products. The result was thousands of cases of organometallic mercury exposure, with symptoms
ranging from mild to severe with many deaths including those from congenital exposures.

The etiology of this disease, which took 3 years to expose, was aided by experiments
performed in the late 1950s on a small number of felines which were directly exposed to
contaminated effluent from the factory. Only one such animal was preserved after euthanization,
the so-called Cat 717. This exploratory research using a brain tissue sample from Cat 717 was the
centre of this chapter, and indeed, the cornerstone of the thesis in its entirety. X-ray absorption
spectroscopy (XAS), as well as high-energy resolution fluorescence detection-XAS (HERFD-
XAS) were utilized to investigate the forms of mercury and selenium remaining within this
extraordinarily unique tissue sample. Further to that, considerations of the chemical processes
occurring within the factory resulting in the presumed production of methylmercury were
investigated using density functional theory (DFT). The results of this study demonstrated that
Cat 717 was exposed to organometallic mercury directly, given the large amount of
organomercury present within its preserved brain tissue. As well, DFT calculations surprisingly
suggested that an alternative organomercury species, a-mercuri-acetaldehyde, not
methylmercury, was the most likely by-product of the chemistry occurring within the factory.

This research was published in Environmental Science and Technology and was reformatted to

comply with the university manuscript style thesis guidelines.
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3.2 Abstract

Industrial release of mercury into the local Minamata environment with consequent
poisoning of local communities through contaminated fish and shellfish consumption is
considered the classic case of environmental mercury poisoning. However, the mercury species
in the factory effluent has proved controversial, originally suggested as inorganic, and more
recently as methylmercury species. We used newly-available methods to re-examine the
cerebellum of historic Cat 717, which was fed factory effluent mixed with food to confirm the
source. Synchrotron high energy resolution fluorescence detection-X-ray absorption spectroscopy
(HERFD-XAS) revealed sulfur-bound organometallic mercury with a minor f-HgS phase.
Density functional theory (DFT) indicated energetic preference for a-mercuri-acetaldehyde as a
waste product of aldehyde production. The consequences of this alternative species in the

“classic” mercury poisoning should be re-evaluated.

49



3.3 Introduction

The potentially deadly effects of organomercury compounds have been defined by tragic
mass-poisonings of human populations. The most infamous is the Minamata tragedy,* for which
organomercury poisoning is named Minamata disease.® Release of mercury-contaminated
industrial waste from a chemical plant resulted in local marine pollution, leading to
contamination of fish and other seafood that was ingested by local villagers. Those poisoned
experienced varying signs and symptoms now assumed to be typically associated with
methylmercury poisoning (paresthesia, dysarthria, visual and auditory disturbances, ataxia,
seizures and ultimately death).}* Over 50 congenital cases were also diagnosed,’ resulting in the
first recognition that prenatal methylmercury (MeHg) exposure might harm the fetus at levels not
particularly harmful to mothers. Integral to diagnosing the etiology of Minamata disease was the
identification of disease-related signs in local feline populations, which locals called the “dancing
cat syndrome™.® In 1959, three years after the official discovery of Minamata disease, its cause
was still unknown. To test whether industrial waste from the nearby Chisso acetaldehyde
manufacturing plant might be responsible, a company physician fed ten cats on a daily basis food
that had been combined with effluent taken directly from the chemical plant. At 4-11 weeks into
the experiment eight of the cats exhibited signs similar to the human symptoms. Two cats were
autopsied and biological materials preserved. One was Cat 717° which is analyzed and discussed
herein.

The Minamata poisoning (Minamata disease) is frequently taught in undergraduate
toxicology as the prototypical example of biomethylation of inorganic mercury with
magnification through trophic levels, leading to human methylmercury exposure.’” Recently Eto
et al.% have challenged this scenario, suggesting that the Minamata poisonings were due to direct
release of methylmercury, rather than inorganic mercury, from the Chisso factory into Minamata
bay.3 They studied brain tissue of Cat 717 using conventional chemical analysis methods which
suggested that methylmercury was only a minority fraction of total mercury.® They attributed this
to the prolonged preservation. Here we re-examine the chemical forms of mercury and selenium
from the same Cat 717 using state-of-the-art synchrotron techniques only recently developed to
show that the predominant form of mercury in Cat 717 brain tissue is sulfur-bound
organometallic. We complement these results with density functional theory (DFT) calculations
relevant to the chemical process and plausible biotransformation to show that the most probable
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dominant neurotoxic chemical form of mercury was neither methylmercury nor inorganic

mercury, but rather a-mercuri-acetaldehyde or a chemically related species.
3.4 Materials and Methods
3.4.1 Sample preparation

Reagents were purchased from Sigma-Aldrich (Oakville, Ontario, Canada) and were of
the highest quality available. Methylmercury L-cysteinate was prepared as previously described.®
Methylmercury L-selenocysteinate was prepared following the method of Carty et al.® except
employing L-selenocystine rather than the racemate. Briefly, synthesis was carried out
anaerobically under an atmosphere of nitrogen using degassed solutions. Solid L-selenocystine
was dissolved in deionized water by adding NaOH to a final pH of 12, and was reacted with a
slight molar excess of aqueous NaBHj4 to give a final Se concentration of 0.1 M. The yellow L-
selenocystine solution turned colorless after about 5 min. following addition of NaBH4 at which
point the pH was adjusted to 4 by adding HCI to remove any excess NaBH4. Equimolar aqueous
CHsHgOH was then added, with the solution being filtered and reduced in volume by
evaporation until white crystals of methylmercury L-selenocysteinate formed. p—HgS was
prepared as a black precipitate by mixing aqueous solutions of Na>S and HgCl», which was
filtered, washed with de-ionized water, and then dried. Other selenium compounds were prepared
according to Pickering et al.'° Solutions and tissue samples were loaded or packed into 2 mm
thick poly-acetal cuvettes closed with a polyimide adhesive tape window, and then frozen by
immersion into a partly-frozen isopentane slurry with a temperature of approximately 120 K.
Solids were finely powdered, mixed with a boron nitride diluent and packed into 1 mm thick
aluminum plates sealed on either side with polyimide adhesive tape. Samples were transported
and stored at liquid nitrogen temperatures until data acquisition.

3.4.2 Historical Cat 717

Historical Cat 717 was part of a landmark set of observations 55 years ago. The disease
that was observed in the local cat population was reproduced by feeding cats fish and shellfish
caught in the local bay. Initially the etiology and source of the etiologic agent of Minamata
disease was unknown, but suspected to be connected to a chemical manufacturing plant. In 1959,
in order to test whether the plant effluent might be responsible, a company physician from the
chemical manufacturing plant and his staff conducted an experiment.® They intentionally fed ten
cats food mixed with industrial waste from the acetaldehyde plant daily.® The waste material was
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collected at three different times spanning a period of 14 months. At 4-11 weeks following the
start of the experiment eight of the cats exhibited signs most commonly of tremor, ataxia, and
paralysis. One of these animals, Cat 717, received 20 ml per day of the effluent, exhibited onset
of disease at day 40, and was characterized as showing severe tremor, moderate ataxia and severe
paralysis with decrease in body weight from 2.2 to 1.4 kg. Cat 717 was sacrificed five days after
the onset of symptoms.® As Eto et al. recount,® preserved specimens of Cat 717 were
rediscovered after more than 40 years in a storage area at the Kumamoto University School of
Medicine. Cat 717 not only showed signs of neurotoxicity,® but had histological lesions in the
cerebellum and other regions of the brain that were similar to human cases of Minamata disease
when the cat brain was examined 40 years after the initial experiment.® The cerebellar tissue of
Cat 717 for the current investigation was received as a formalin-fixed specimen that was trimmed
to include all of the cellular layers of a cerebellar folium. It was loaded into poly-acetal cuvettes

as described above.

3.4.3 X-ray spectroscopy (XAS)

Standard X-ray absorption spectroscopy (XAS), including Extended X-ray absorption fine
structure (EXAFS) and high energy resolution fluorescence detected (HERFD) XAS were both
carried out at the Stanford Synchrotron Radiation Lightsource (SSRL) using beamlines 7-3 and
6-2, respectively with the SPEAR3 storage ring containing 500 mA at 3.0 GeV. On both
beamlines in-hutch photon shutters were employed to prevent exposure of the sample to the X-
ray beam when data were not being actively recorded. Samples were maintained at a temperature
of 10 K using a helium flow cryostat (Oxford instruments, Abingdon, UK) with cuvettes inclined
at an angle of 45° to the incident X-ray beam to facilitate measurement of X-ray fluorescence,
giving an incident X-ray path length of 2.8 mm. On both 7-3 and 6-2 the incident beam energy
calibration was relative to the lowest-energy inflection of Hg-Sn amalgam foil for the Hg L
edge, or a grey hexagonal selenium foil for the Se K-edge, values for which were assumed to be
12284.0 eV and 12658.0 eV, respectively.

On 7-3 a Si(220) double crystal monochromator was used for the incident beam, with
harmonic rejection accomplished by detuning the monochromator to 60% of peak intensity.
Incident and transmitted X-rays were monitored using nitrogen-filled gas ionization chambers,
while X-ray absorption was measured as the Hg Loi2 or Se Kasz fluorescence excitation spectrum

using an array of 30 germanium detectors (Canberra Ltd. Meriden, Connecticut, USA).! In order
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to maintain detector count-rates in the pseudo-linear regime, Ga>Oz and elemental arsenic X-ray
filters were employed for Hg Ly and Se K-edge XAS respectively, to preferentially absorb
scattered radiation, together with silver Soller slits (EXAFS Co., Pioche, Nevada, USA) to reject
filter fluorescence. Data were collected using the XAS Collect data acquisition software.*2

On 6-2 a Si(311) double crystal monochromator was used for the incident beam with
harmonic rejection achieved through the cut-off energy (ca. 18 keV) of upstream Rh-coated
specular optics. Incident and transmitted X-rays were monitored using gas ionization chambers
filled with helium and nitrogen, respectively. High resolution X-ray fluorescence was measured
by means of a 6-element array of spherically bent crystal analyzers, using Si(555) and Si(844)
crystals® to select a narrow energy band of the Hg Lo or Se Ko emission, respectively. The
emission intensity was measured using a single-element silicon drift detector with aluminum
filters upstream of the incident ion chamber used to adjust X-ray exposures and to maintain the
detector count-rates in the pseudo-linear regime. Data were collected using the SPEC data
acquisition software (Certified Scientific Software, Cambridge, Massachusetts, USA).

Data reduction and analysis were carried out as previously described®* using the

EXAFSPAK suite of computer programs (https://www-ssrl.slac.stanford.edu/exafspak.html).

Extended X-ray absorption fine structure (EXAFS) phase and amplitude functions were
calculated using the program FEFF.*>® Data normalization was carried out using the
EXAFSPAK program BACKSUB which employs tabulated X-ray cross sections (see

supplementary material Figure S3.1).%

3.4.4 Density functional theory (DFT) calculations

DFT geometry optimizations and energy calculations were carried out using DMol® and
Biovia Materials Studio Version 2018 R1%1° using the meta-GGA approximation employing the
M11-L functional both for the potential during the self-consistent field procedure, and for the
energy.?’° DMol® double numerical basis sets included polarization functions for all atoms with
all-electron relativistic core treatments. Transition state search and optimization used the linear
synchronous transit/quadratic synchronous transit/conjugate gradient (LST/QST/CG) method
implemented within DMol®.
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3.5 Results and Discussion

3.5.1 Sulfur-bound organometallic mercury species predominant in Cat 717 brain tissue

Fig. 3.1 shows the HERFD-XAS Hg L spectrum of cerebellar brain tissue from Cat 717.
HERFD-XAS uses enhanced energy resolution (supplementary material Fig. S3.2) to probe the
local atomic and electronic environment and hence speciation of a target element, here mercury,
and can do so in complex materials such as biological tissues.?* The HERFD-XAS Hg L
spectrum of Cat 717 cerebellar brain tissue was fit to binary linear combinations?? of a library of
HERFD spectra of standard compounds. The best match (Fig. 3.1) is with organometallic and
inorganic mercury standard compounds, 78+4% sulfur-bound organometallic mercury in a C—
Hg-S linear two-coordinate environment and 22+4% inorganic as f-mercuric sulfide (B—HgS).
The ten best binary combinations, listed in Table 3.1 (see caption for method), all included
sulfur-bound organometallic mercury as the majority component with around 20% of a minor
inorganic component. The best fit, shown in Fig. 3.1, used p—HgS (metacinnabar) as the minor
component, the kinetically preferred but thermodynamically less-stable of the mercuric sulfide
dimorphs, which exhibits a zincblende structure? with four sulfurs bound to the metal. Other
reasonable but poorer fits were found with other four-coordinate Hg—S species; we used the Hg
Lin EXAFS to distinguish B—HgS from these possibilities, as we discuss below Since spectra are
sensitive to local environment, specific molecular identities are not available from HERFD or
conventional XAS.? For example, analogous methyl and ethyl mercury compounds have similar
spectra (not illustrated) due to similarity in immediate coordination of mercury, such that our
measurements cannot distinguish between different sulfur-bound organometallic mercury
compounds. The predominant form of mercury in the cerebellum of Cat 717 is therefore
identified as sulfur-bound organometallic mercury, with a minor phase that strongly resembles 3—
HgS.

Since selenium is important in mercury toxicology,?>=° we also examined the Se K-edge
HERFD,?! (Fig. 3.2) and found no detectible involvement of mercury-selenium interactions in the
brain tissue. However, even with the excellent resolution of HERFD, it is possible that a small
fraction of an Hg—Se species may be present and remain undetected by our analyses, especially if
this was a small fraction of the total Se present. Moreover, the linear combination method?? is

necessarily limited to the library of spectra for standard compounds that
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Figure 3.1: High energy resolution fluorescence detected Hg Lin Lal X-ray absorption near-edge
spectra (HERFD-XAS). The HERFD-XAS spectrum of Cat 717 cerebellum (yellow circles) is
compared with those of sulfur-bound organometallic mercury (C-Hg-S, modelled as
methylmercury-L-cysteine), and p—HgS. The best fit (solid black line) was obtained with 78+4%
C—Hg-S and 22+4% B—HgsS; errors are three times the estimated standard deviation (99%
confidence limits) from the diagonal of the variance-covariance matrix. The fit residual is
calculated as the difference between the measured spectrum and best fit (solid red line). The

vertical broken line is included to guide the eye.
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Table 3.1: Top 10 best binary linear combination fits.

f.  component 2 identity f,  F?x10° fit-index

0.775 B-HgS 0.225 1.5105 0.22
0.809 [Hg(SR)4]* 0.191 1.8842 0.59
0.848 [Hg(SPh)s?* 0.152 1.9211 0.63
0.824 nano-HgSe 0.176 1.9316 0.64
0.847 [Hg(SR)s] 0.153 1.9579 0.66
0.833 [Hg(SePh)s]” 0.167 1.9790 0.68
0.658 CHsHg-Se(L-Cys) 0.342 2.1631 0.87
0.899 [HgCls?* 0.101 2.2316 0.94
0.903 (CHa)2Hg 0.097 2.2737 0.98
0.893 Hg(0) 0.107 2.4263 1.13

Binary linear combination fits of the Hg Ly HERFD-XAS spectrum of Cat 717 cerebellum were
carried out using the EXAFSPAK program MATCHIT using a library of 21 different Hg L
HERFD-XAS spectra. In all of the best 10 binary combinations (listed in the table, in order of
decreasing goodness of fit) the first (majority) component was found to match C-Hg—S modeled
as methylmercury r-cysteineate [CH3sHg—S(—Cys)], corresponding to fraction f; in the fits, with
the remainder fraction (f2) corresponding to the minor component identified in the table. Since
HERFD-XAS cannot distinguish between different 2-coordinate organometallic thiolate-bound
mercury species, we use methylmercury L-cysteineate as a generic surrogate for this type of
compound. The function F2 (often called 2, called F? here to distinguish it from the EXAFS y)
is defined by F? = Y.(u — peqic)?/(n — 2) where p and 4. are the experimental and
computed signal, respectively, and the sum is over n data points included in the fit. The fit-index
is given by (F% — F2;,,) X 108, where F/.,,, is F? computed between Fourier filtered (free of
high-frequency noise) data and raw data. The fit-index effectively and approximately lacks
contributions from high-frequency noise, with a fit-index value of zero representing a best

possible fit, and higher values representing poorer fits.
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Figure 3.2: Se Kal HERFD-XAS of Cat 717, compared with spectra of selected standard
compounds. L-selenomethionine (aqueous, pH 7.4), L-selenocysteine (aqueous, pH 4.0),
methylmercury L-selenocysteinate (solid), and nanoparticulate—HgSe (colloidal) demonstrated.
The fit shows no contributions from the two mercury-containing species. The vertical broken line

is included to guide the eye.

57



are available. It is thus also possible that an Hg—Se species is present having a spectrum that is
not represented in our library of standards. The Hg Ly and Se K HERFD spectra of a range of
different standards, including some additional Hg—Se species are shown in supplementary
material (Fig. S3.3).

We used Hg Ly and Se K HERFD absorption edge-jumps to estimate the effective
concentration to be 70.9 uM Hg and 5.6 uM Se (wet weight), or some 13-fold excess of mercury.
Previous conventional analysis of Cat 717 cerebellum® showed selenium below detection limits
and total mercury dry weight of 62.5 pg.g™, which is commensurate with our value. Previous
analyses also determined fractions of methylmercury and inorganic mercury to be 30% and 70%,
respectively;® the analytical method for methylmercury, however, would be misleading if
mercury was in a different organometallic form because the methods used in the previous
analyses are based on chemical derivatization in combination with some measure of molecular
mobility.

The Hg L extended X-ray absorption fine structure (EXAFS) spectra and corresponding
Fourier transforms of Cat 717 cerebellum (Fig. 3.3) enable us to determine radial structural
metrics of the mercury environments (Table 3.2). Curve-fitting analysis indicates 2.11 A Hg—C
and 2.37 A Hg-S contacts, characteristic of the two-coordinate organometallic mercury observed
as the dominant species in the HERFD. Consistent with a minor component of —HgS or
tetrathiolate Hg(11) species,®:3? the EXAFS also shows a 2.55 A Hg-S interaction characteristic
of a four-coordinate site. The diagnostic weaker long-range Hg---Hg and Hg---S interactions®
clearly distinguish the minor component as f—HgS. Constraining first-shell coordination numbers
to the species fractions obtained from fitting the Hg Lin HERFD spectra gave the excellent fit
shown in Fig. 3.3 with details given in Table 3.2. The substantial amplitude of the outer-shell p—
HgS Hg---S; and Hg---Hg2 EXAFS is large compared with the first shell Hg—S, which is due to
the presence of 12 such interactions. The amplitudes of these interactions are actually less than
crystalline f—HgS, and commensurate with amorphous f—HgS (not illustrated). The EXAFS is
therefore quantitatively in agreement with the HERFD result that mercury in the cerebellum of
Cat 717 is present as 78% sulfur-bound organometallic mercury, with 22% inorganic mercury as
B-Hgs.
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Figure 3.3: Extended X-ray absorption fine structure (EXAFS) spectra of Cat 717 cerebellum. (a)
Hg Lin-edge EXAFS for Cat 717 cerebellum (solid blue line) is overlaid with the best fit (red
dashed line); structural parameters are given in Table 3.2. (b) EXAFS Fourier transforms are
phase-corrected for Hg—S backscattering, with specific backscattering interactions indicated. Hg—
C1 and Hg-S: are attributed to sulfur-bound organometallic mercury (species 1), and Hg-S,

Hg----Szand Hg----Hgz2 to B-HgS (species 2).
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Table 3.2: Hg Lt EXAFS curve-fitting results.

Interaction  fraction N R (A) o (A% AEp (8V)
HgCi 078 1 2111(5)  0.0027(3) -15.6
Hg-S: 1 2371(3)  0.0026(3)

Hg-S2 022 4 2546(3)  0.0023(3)

Hg----Hg> 42(1) 4127(4)  0.0040(5)

Hg----S2 42(1) 4.841(8)  0.0050(6)

Structural parameters for the best fit of the EXAFS spectrum of Cat 717 cerebellum, as shown in
Fig. 3.3. Interactions Hg—C1 and Hg-S: are attributed to organometallic mercury (species 1), and
Hg-S., Hg----Szand Hg----Hg2 to B—HgS (species 2). Values are given for the effective
coordination numbers N, inter-atomic distances R, and the mean square deviation in R, &2, an
index of thermal and static disorder. The threshold energy shift AEo, taken from fits to standard
compounds of known structure, was fixed at the same value for all interactions included in the
analysis. Values in parentheses are the estimated standard deviations in the last digits obtained
from the diagonal of the variance-covariance matrix (precisions). Coordination numbers in the fit
for first-shell interactions were fixed according to the known value for the phase multiplied by
the fraction determined from the HERFD-XAS analysis. For the outer shell interactions (beyond
4 A) both N and ¢? were allowed to vary and are not thought to be structurally representative.
This is appropriate for disordered non-crystalline amorphous systems, such as mercury
chalcogenides? including amorphous B—~HgS, because the material will contain both disordered
and ordered components, with the latter dominating the EXAFS. The interatomic distances (R)

are, however, sensitive indicators of the nature of the material concerned.
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3.5.2 Effluent released from industrial factory plausibly contained organometallic mercury
Because Cat 717 was given the acetaldehyde plant waste directly, our results provide
experimental evidence related to the composition of the waste.® Since there are no chemically
plausible pathways to convert inorganic to organometallic mercury in mammalian tissues, the
presence of predominantly organometallic mercury in the brain of Cat 717 clearly shows that the
primary mercury species in the plant waste was organometallic, and not inorganic as suggested in
some early reports.®>3® In agreement with this, the pathology exhibited by Cat 717° was that
expected for organomercury poisoning, with severe tremor, moderate ataxia and severe paralysis
but not inorganic mercury poisoning for which gastrointestinal signs including vomiting of
mucoid material and bloody diarrhea would be evident.3” The lack of any signs of inorganic
mercury intoxication would argue that there were no large quantities of inorganic mercury in the

plant waste, although smaller amounts of inorganic mercury were probably present.

3.5.3 a-mercuri-acetaldehyde a probable by-product of chemical plant processes

We have used computational chemistry to consider the chemical plant processes and
expected side-products. The Chisso plant employed mercury catalysts to manufacture
acetaldehyde through hydration of acetylene®%% using a catalytic method known as alkyne
oxymercuration.*® This factory, and others in Japan, had been using these methods since the early
1930’s. However, no human poisonings were recognized in Minamata before 1953. Prior to that
recognition in August 1952, the Chisso plant had modified their procedures, altering a catalyst
regeneration process (see supplementary text).’

Fig. 3.4 summarizes the major chemical reactions, together with some reaction energies
from our DFT calculations. Acetylene is bound to Hg?* by a n? bond to both carbon atoms to
form compound 1, in which the carbon atoms are activated for attack by water to form 2 an a-
mercuri-vinyl alcohol. Under acidic conditions protonolysis of the Hg—C bond regenerates
inorganic catalyst forming vinyl alcohol, which undergoes acid-catalyzed 1,3-hydrogen migration
keto-enol tautomerization to form the desired product acetaldehyde. However, 2 also undergoes
similar keto-enol tautomerization to form the a-mercuri-acetaldehyde 3, a stable compound of
known structure.** Although 3 can also undergo protonolysis to form acetaldehyde, it is less
susceptible to this reaction than 2. Therefore, an energetically-favoured by-product of the Chisso
plant, expected under low-acid conditions, is 3, an a-mercuri-acetaldehyde which is distinct from

methylmercury. It has been suggested that 3 oxidizes to a-mercuri-acetic acid species 4, which
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Figure 3.4: Chemistry of the Chisso chemical plant and potential side-products. DFT computed

energy changes (AE in kJ-mol ™) are shown adjacent to each of the central reactions. The

suggested loss of CO> from 4 to form methylmercury 5 is chemically very unlikely due to the

very high activation energy AE* of 316 kJ-mol. X represents a general substituent of mercury,

like chloride, which was used for computations. The oxidation 3 to 4 might occur in the

environment, after waste emission had occurred.
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might spontaneously lose CO- to form methylmercury species 5.2 While the former is plausible,
our calculations suggest that decarboxylation is improbable due to a substantial activation barrier
of 316 kJ-mol™. In agreement with this, a-mercuri-acetic acids are known from the literature*® to
exhibit a stable C—C bond under oxidizing and acidic conditions, and upon heating,** and only
insignificant methylmercury yields have been reported.*® Taken together, the evidence is strong
that the compound entering the waters of Minamata bay, that gave rise to the tragedy of
Minamata disease, was species 3 or possibly 4.

In living brain tissue organic mercury species are known to convert to inorganic forms
over time, being transformed to highly insoluble HgSe.?” However, since Cat 717 lived only a
short time after initiation of dosing, these protective processes had no time to occur in vivo, likely
accounting for the notable absence of HgSe. The brain tissues of Cat 717 were preserved by
immersion in 10% formalin,® which is a standard method for fixing biological tissues.*® Exposure
to such formaldehyde-based fixatives will cross-link proteins, and alter the distributions of
soluble ions such as CI- and K*.4” Insofar as our elements of interest are concerned, exposure of
the brain tissue to formaldehyde preservative over decades would be expected to change its forms
of selenium, but not of Hg. Selenocysteine residues (either selenolate R—Se™ or selenol R—SeH)
would react to form selanylmethanol derivatives, or cyclizing with the selenocysteine amino
group to form 1,3-selenazolidine species. However, Hg—Se bonds would be expected to be stable,
and in particular HgSe should be stable indefinitely. Thus the absence of HgSe or other
compounds with Hg—Se bonds may be significant in relation to recent suggestions of inhibition of
selenoenzymes as a contributor to mercury’s toxicity.*®

Plausibly, the presence of B-HgS in the cerebellum of Cat 717 may result from
degradation of the original organometallic compounds during storage. The mechanism of
conversion of organometallic to f-HgS might resemble that previously discussed by others for
both B-HgS and HgSe.*** Here organomercuri-cysteinate complexes would disproportionate to
form bis-L-alanylsulfide and a bis-organomercuri-sulfide, which would in turn eliminate HgS
forming the di-organomercury compound which are known spontaneously react with H20 in
agueous media to break one of the two Hg—C bonds. A schematic of this mechanism is shown in
supplementary material Fig. S3.4. Conversely, our finding of a majority organometallic mercury
species is unlikely to be an artifact of storage because there is no chemically plausible method of

organometallic mercury derivatives forming.
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We have shown through newly developed X-ray spectroscopic techniques that Cat 717
was exposed to primarily organometallic mercury compounds, and hence we can conclude that
these were the dominant mercury species in the acetaldehyde plant waste. This is in agreement
with the signs exhibited by the cat and with subsequent pathology investigations.® Our analysis of
the chemistry indicates that the plant effluent probably contained an a-mercuri-acetaldehyde
species (3 or 4 in Fig. 3.4) and that that was the species that contaminated Minamata Bay and
subsequently gave rise to the tragedy of Minamata disease. Because it seems that the mercury
contamination introduced into Minamata Bay was already in the form of an organometallic
compound, we believe this evidence indicates that natural biomethylative processes within
Minamata Bay initially played no major role in the tragedy.

We further suggest that exposure to methylmercury compounds were not specifically
involved in the Minamata tragedy. While a-mercuri-acetaldehyde and a-mercuri-acetic acid
compounds have been chemically known for four decades and have been characterized as stable
high-melting point solids,**** their toxicologies are as yet unexplored. Although it seems
probable from the historical cat experiments® that these may be similar to other organometallic
compounds of mercury that have been investigated,>! more work is required to explore the
molecular toxicology of these species. Other uncertainties include how these compounds would
behave in a marine environment such as Minamata Bay, and whether they would accumulate
through the trophic levels, as has been observed for methylmercury compounds. In our
rethinking of the cause of the Minamata tragedy, we conclude that there are multiple
ramifications of a different organometallic mercury being responsible and that our views of this
classic example of human toxicology should be evaluated.
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3.7 Supplementary Text

3.7.1 Historical perspective on Chisso acetaldehyde process

Acetaldehyde (ethanal), an important industrial chemical,? is produced on a large scale at
many locations world-wide. Current production relies on oxidation of ethylene (ethene) using a
copper/palladium homogeneous catalyst.>? However, before mid-1960 acetaldehyde was
manufactured by alkyne oxymercuration,*° using an inorganic mercury catalyst to hydrate
acetylene derived from calcium carbide. Othmer et al.® described the two main industrial
processes for production of acetaldehyde used in 1956. The newer Chisso method, used at the
Minamata plant from 1932 onward, differed from the older German method in using a lower
reaction temperature, and in employing the heat generated by the hydration reaction to assist with
distillation.®® Both methods used a mercury catalyst, with manganese or iron compounds
regenerating catalytically competent Hg(I1) after reduction to Hg(0) due to side reactions.3%>2
From 1932 until 1952, aside from loss of production due to World War Il bombing of the plant
1945-1946, the Minamata plant used MnOy in catalyst regeneration.®® In 1952 this was changed
to nitric acid and Fez2(SO4)s,>® which may be linked to the onset of large numbers of cases of
Minamata disease. Fe2(SO4)3 also was replaced by pyrite cinders, typically containing 80-90%
Fe2O3 plus a range of other oxides, which may have led to process upsets necessitating discharge
of mother liquor.>® In 1955, the plant began adding seawater to the industrial water used for
process hydration, resulting in high chloride concentrations in the reaction vessel. The drain of
the rectifying column was observed to accumulate mercury compounds,> which were reported to
be methylmercury compounds® although how this was determined is unclear. The first case of
Minamata disease occurred in a child in 1953. Cats began showing signs of “dancing disease or
epilepsy” and dying in 1954. Minamata disease was officially recognized in 1956 when four
children were hospitalized with an unknown neurological disease.> The waste to which Cat 717
was exposed was collected in November 1960. When Chisso’s acetaldehyde production stopped

in 1966 the rate of occurrence of new cases of Minamata disease dropped quickly.>
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3.8 Supplementary Figures

0.8

normalization point

0.6
L expt.

02F E,

ow'

Normalized Signal

i high
McMaster : &
0 ....... -

12250 12300 12350 12400 12450
Energy (eV)

Figure S3.1: HERFD normalization to the absorption edge, illustrated using the Hg-Lin HERFD
data for solid HgSOa4 (gray line). The raw signal intensity is scaled to the McMaster cross-section
(shown with the green broken line)'” excluding the most structured region between Ejow and Enign

(denoted by the red vertical broken lines). The normalization value is shown by the blue line.
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Figure S3.2: Comparison of Hg Lin HERFD-XAS and standard Hg L XAS of Cat 717
cerebellum showing the dramatically improved spectroscopic resolution obtained with HERFD-
XAS.
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Figure S3.3: Hg Li-edge and Se K-edge HERFD spectra of selected standards. The Hg Li-edge
spectra are those of a elemental mercury, b mercuric oxide, ¢ a-mercuric sulfide, d B-mercuric
sulfide, e Hg(SR): [bis(r-cysteinato)-mercury(11)], f [Hg(SR)4]*" [tetrakis
(dimercaptopropanesulfonic acid)-mercury(11)],>* g dimethylmercury, and h methylmercury-i-
cysteinate. Spectrum a was collected using finely dispersed elemental mercury, spectra b—d were
collected using finely divided solids diluted with boron nitride, and all others collected using
dilute aqueous solution, apart from g which was in isopropanol solution. The Se K-edge spectra
are those of a a-selenium, b L-selenomethionine, c L-selenocysteine, d Hg(SePh):
[bis(selenophenolato)mercury(11)], e [Hg(SePh)s] ™ [tetrabutylammonium
tris(selenophenolato)mercury(l1)], f colloidal HgSe, g methylmercury-L-selenocysteinate. Spectra
a and f were collected using finely dispersed compound in aqueous media, b and ¢ using aqueous
solutions, and d, e and g using finely ground solids diluted in boron nitride. The vertical broken

lines are included to guide the eye.
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Figure S3.4: A possible mechanism of formation of 3-HgS. The reactions are essentially those
proposed by Asaduzzaman and Schreckenbach,>® which were based on earlier work by Kahn and
Wang on selenoaminoacids,*® except that we have used o-mercuri acetaldehyde in place of
methylmercury. Similar results can be anticipated for other organometallic compounds of
mercury. Reaction energies were estimated as described for Figure 4. Reaction a follows the
well-known affinity for thiols, and is expected to proceed rapidly, with the cysteine being part of
a biomolecule and not necessarily the free amino acid. We include it here for the sake of forming
a closed cycle. Reaction b is predicted to be only mildly thermodynamically favorable, and
requires two a-mercuri acetaldehyde cysteine entities to be sufficiently close to react. This is
consistent with -HgS being only a minor component. The thermodynamics for reaction ¢ was
estimated by computing the enthalpy of formation of gas-phase HgS plus the previously reported
sublimation enthalpy for HgS.*® Reaction d follows the established chemistry of dialkylmercury
species which are known to spontaneously undergo protonolysis in aqueous solution, in this case
yielding acetaldehyde.
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CHAPTER 4: MOLECULAR FATE OF MERCURY IN HUMAN BRAIN FOLLOWING

ACUTE AND CHRONIC EXPOSURE

4.1 Preface

Chapter 4 is a continuation of the research on mercury and selenium species in brain
tissue samples. Here, an opportunity arose to examine human brain tissue from various exposure
scenarios which have been classified herein as either acute exposure with short term survival,
acute exposure with long-term survival, or chronic exposure based off of a lifetime of consuming
fish and seafood which can contain high levels of organometallic mercury. As with the feline
brain tissue from the previous chapter, the human brain tissue samples examined here are
extremely rare and important, and the opportunity to examine them was an invaluable
opportunity. Given that both inorganic and organic mercury remained in the tissue of Cat 717,
similar results were expected from these tissue samples, although perhaps with more inorganic
mercury species as the brain of some of the following individuals had longer periods of time for
defensive, demethylation mechanisms to take place. As well, questions were raised in Chapter 3
regarding potential changes in chemical form due to preservation method. Access to human brain
tissue samples which were both frozen and fixed allowed for the opportunity to explore this
further.

HERFD-XAS was used to investigate human brain tissue samples for mercury and
selenium species in individuals who had experienced differing exposure conditions to
organometallic mercury species. The results of this work showed, for the first time, that the
chemical species of mercury is different when an individual is chronically exposed compared to
acutely exposed. Mercury species in chronically exposed individuals remained organometallic in
nature, while acutely exposed individuals had mercury primarily in inorganic forms, with small

contributions from organometallic mercury compounds.

This chapter is currently being prepared for submission to Environmental Science and
Technology.

76



James, A.K., Dolgova, N.V., Nehzati, S., Korbas, M., Cotelesage, J.J.H., Sokaras, D., Kroll, T.,

O’Donoghue, J.L., Watson, G.E., Myers, G.J., Pickering, 1.J., George, G.N. Molecular fate of

mercury in human brain following acute and chronic exposure.

A.K. James analyzed HERFD-XAS data and assisted in drafting the manuscript.

N.V. Dolgova collected and analyzed HERFD-XAS data and assisted in drafting the manuscript.

S. Nehzati collected HERFD-XAS data and edited the manuscript.

M. Korbas collected the X-ray fluorescence image.

J.J.H. Cotelesage assisted with HERFD-XAS data collection.

D. Sokaras and T. Kroll configured the HERFD-XAS beamline for the experiment.

J.L. O’Donoghue, G. Watson, and G.J. Myers provided the tissue samples and provided scientific
input to the manuscript.

I.J. Pickering and G.N. George provided valuable scientific input, most especially with the

chemistry aspects, and guidance, and provided funding for the research. G.N. George assisted in
fitting the HERFD-XAS data. 1.J. Pickering and G.N. George assisted in drafting the manuscript.

7



4.2 Abstract

Exposures of human populations to organometallic mercury compounds have been known
to occur both historically and in present day. While acute toxicities have often been subject to
great scientific and public interest, it is likely that the most common exposure of humans to
organomercury occurs through chronic, low-level exposures. Numerous large-scale studies have
focussed on the risks of chronic mercury exposure with conflicting results. Here, we examined
human brain tissue samples from both acute and chronic organometallic mercury exposures using
the advanced technologies of synchrotron high-energy resolution fluorescence detection X-ray
absorption spectroscopy (HERFD-XAS). Unexpectedly, mercury speciation in brain tissue was
revealed to have remained organic in nature in chronic exposures compared to acute exposures
which contained inorganic mercury compounds with small contributions from organometallic
mercury. Demethylation processes in brain tissue are discussed and considerations are made

regarding stability of mercury and selenium ligands in cryopreserved and formalin-fixed tissues.
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4.3 Introduction

Mercury is widely considered to be a deadly poison, with some amongst its compounds
being more toxic than those of any other non-radioactive heavy element. Despite this toxicity,
there is widespread and increasing environmental and human mercury exposure, with
anthropogenic mercury pollution giving rise to 2-3 fold increased ocean surface levels,! and
consequent estimated recent increases in human consumption of ~38%.2 Mercury is listed by the
World Health Organization amongst its top ten chemical health concerns,® and more than 100
nations have signed the Minamata Convention which is aimed at reducing anthropogenic mercury
emissions.”

The toxic properties of inorganic and organometallic forms of mercury are remarkably
different > with the detailed toxicology of each depending upon the exact chemical speciation.®
The dreadful consequences of poisoning with organometallic mercury compounds are
demonstrated explicitly by large-scale catastrophic acute poisonings that have occurred in Japan
and in Irag.® These tragic incidents revealed a debilitating neurotoxicity, which was particularly
pronounced in fetuses and young children.>**2 Organometallic mercury forms can typically cross
both the blood brain barrier and the placenta. While adults may be severely impacted by
exposure, their effects on the developing fetus can be devastating, resulting in microcephaly,
cerebral palsy, seizures, mental retardation, blindness, paralysis and other very severe
consequences.>8%10 The extreme toxicity of organometallic mercury to vertebrate fetuses was
unknown until the Minamata mass-poisoning, where many severely handicapped children were
born to relatively healthy mothers.*? The numerous additional consequences of mercury
poisoning include central nervous system defects, arrhythmias and cardiomyopathies, and kidney
damage.>®°1° Mercury can also act as either an immunostimulant or an immunosuppressant,
depending on the nature of the exposure, leading to a number of pathologic consequences.>21°
One of the most perplexing phenomena in the toxicology of methylmercury species is that there
can be significant latency between administration and onset of toxic symptoms,* which in
humans can be as long as 150 days.'* The causes of this latency remain as a major unanswered
question in this field, and while a number of possible mechanisms have been suggested,*® with
recent work additionally suggesting a possible role for thyroid metabolism,*® at present the

reasons for the latency remain unclear.
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While acute mercury exposures are of substantial concern when they do occur, most
human exposure would be better described as chronic low-level exposure. Sources of chronic
human exposure include dental amalgams, as well as food consumption of marine fish and other
seafood, which naturally contains varying levels of methylmercury.'%” Current limits for human
consumption of fish-borne mercury have been set in large part by referencing studies of human
populations with high dietary mercury from seafood consumption. Three such studies are
noteworthy, one based in the Faeroe Islands of the North Atlantic,'® a second in the Seychelles
Islands of the Indian Ocean®®?° and the third in New Zealand.” Pilot whale consumption is the
primary mercury source in the Faeroes study; traditional food includes both whale meat and
rendered blubber, with the blubber containing high levels of polychlorinated biphenyls and
dioxins, plus other potentially toxic metals such as Cd.?? In the New Zealand study the source
was mostly shark skeletal muscle (prepared as “fish and chips™), ” while in the Seychelles the
source was marine fish with mercury levels similar to those consumed in North America and
Europe. In all the studies, a cohort of pregnant women was evaluated for prenatal Hg exposure,
with their children’s development examined at varying ages for neuro-developmental deficits.
The studies reach different conclusions regarding the hazards of Hg exposure from seafood
consumption. The Faeroes study reported statistically significant adverse effects and has been the
basis for US fish consumption advisories, whereas the New Zealand study was inconclusive, and
the Seychelles study showed no substantial adverse effects.

It is increasingly realized that the pathophysiology of mercury toxicity and the
biochemistry of selenium are inextricably linked.!>1"?3-28 Ralston and co-workers have put
forward what has been called the selenium depletion hypothesis to explain mercury’s toxic
effects,?® suggesting that inhibition of essential selenoenzymes is a primary mechanism of
methylmercury’s toxicity, and such inhibition has been shown to occur, at least in vitro.*® Ralston
et al. have boldly stated that consuming high-mercury fish is not only safe but beneficial,
providing that the selenium content exceeds the mercury content.3! However, some caution may
be justified because the relationship between mercury and selenium is far from simple, and
selenium can present either an antagonistic relationship, negating mercury toxicity,*>% or a
synergistic relationship in which mercury’s toxic effects are magnified in the presence of
selenium,®® with the effect changing depending upon chemical form and upon the order in which

mercury and selenium are given.'®
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In previous work we have used conventional X-ray absorption spectroscopy (XAS) to
examine brain tissue from individuals having different types of exposure, including tissues from
chronic low-level and acute methylmercury exposure (poisoning).?* Recently, high energy
resolution X-ray fluorescence detection XAS (HERFD-XAS) has been exploited at both the Se
K-edge3232 and the Hg L edge.?’°% Here we use Hg Lal and Se Kal HERFD-XAS to probe
mercury and selenium speciation in human brain tissue samples. We compare the results for
individuals exposed to mercury through a lifetime of fish consumption, with the results for
individuals exposed through poisoning with organometallic mercury compounds. Our results give
insights into the molecular fates of mercury under conditions of chronic and acute exposure, and
have relevance to guidelines on the human consumption of marine fish.

4.4 Materials and Methods

4.4.1 Sample preparation

Chemicals and reagents were purchased from Sigma-Aldrich (Oakville, Ontario, Canada)
and were of the highest quality available. Solutions of standard compounds were prepared as
previously described.®>3° Tissue samples were loaded into 2 mm thick poly-acetal cuvettes
closed with a metal-free polyimide “Kapton” adhesive tape window, and then frozen by
immersion into a partly-frozen isopentane slurry with a temperature of approximately 120 K. The
samples were transported and stored at liquid nitrogen temperatures, or in a —-80°C freezer, until
data acquisition. Solid standards were prepared as finely ground powders, which were mixed
with boron nitride diluent so that they contained <1 wt.% mercury or selenium, and were packed

into 1 mm thick aluminum plates which were sealed on either side with polyimide adhesive tape.

4.4.2 X-ray spectroscopy (XAS)

X-ray spectroscopy experiments were carried out at Stanford Synchrotron Radiation
Lightsource (SSRL) with the SPEAR3 storage ring containing 500 mA at 3.0 GeV. Standard X-
ray absorption spectroscopy (XAS) measurements used beamline 7-3 while high energy
resolution fluorescence detected (HERFD) XAS experiments used beamline 6-2. On both
beamlines in-hutch photon shutters were employed to prevent exposure of the sample to the X-
ray beam when data were not being actively recorded. Samples were maintained at a temperature
of 10 K using a helium flow cryostat (Oxford instruments, Abingdon, UK) and were mounted at
an angle of 45° to the incident X-ray beam. The incident beam energies were calibrated with
reference to the lowest-energy inflection of Hg-Sn amalgam foil for the Hg L edge, or a grey
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hexagonal selenium foil for the Se K-edge, values for which were assumed to be 12284.0 eV and
12658.0 eV, respectively.

On 7-3 a Si(220) double crystal monochromator was used for the incident beam, with
harmonic rejection accomplished by detuning the monochromator to 60% of peak intensity.
Incident and transmitted X-rays were monitored using nitrogen-filled gas ionization chambers,
while X-ray absorption was measured as the Hg La12 or Se Ka12 fluorescence excitation spectrum
using an array of 30 germanium detectors (Canberra Ltd. Meriden, Connecticut, USA).*® In order
to maintain detector count-rates in the pseudo-linear regime, Ga>Oz and elemental arsenic X-ray
filters were employed for Hg Ly and Se K-edge XAS respectively, to preferentially absorb
scattered radiation, together with silver Soller slits (EXAFS Co., Pioche, Nevada, USA) to reject
filter fluorescence. Data were collected using the XAS Collect data acquisition software.3’

On 6-2 a Si(311) double crystal monochromator was used for the incident beam with
harmonic rejection achieved through the cut-off energy (ca. 18 keV) of an upstream Rh-coated
mirror. Incident and transmitted X-rays were monitored using gas ionization chambers filled with
helium and nitrogen, respectively. High resolution X-ray fluorescence was measured by means of
a 7-element array of spherically bent crystal analyzers, using Si(555) and Si(844) crystals® to
select a very narrow energy band of the Hg Lal or Se Kal emission, respectively. The emission
intensity was measured using a single-element silicon drift detector (Hitachi High-Technologies
Science America Inc., Northridge, CA, USA). Aluminum filters upstream of the incident ion
chamber were used to adjust the incident X-ray flux and to maintain the detector count-rates in
the pseudo-linear regime for the most concentrated samples. Data were collected using the SPEC
data acquisition software (Certified Scientific Software, Cambridge, Massachusetts, USA).

Data reduction and analysis were carried out as previously described?3® using the
EXAFSPAK suite of computer programs.*® Extended X-ray absorption fine structure (EXAFS)
phase and amplitude functions were calculated using the program FEFF.*%#2 Data normalization
was carried out using the EXAFSPAK program BACKSUB,* which employs tabulated X-ray
cross sections.*®
4.4.3 X-ray fluorescence imaging (XFI)

XFI experiments* were conducted on using the Advanced Photon Source Beamline 2-1D-
D employing a Si(111) double crystal monochromator and using Fresnel zone plates (Xradia,

Pleasanton, CA) to generate a micro-focused X-ray beam. An incident X-ray energy of 13450 eV
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was used, which is below Br K-edge to avoid Br X-ray fluorescence from plastic components of
the experimental setup. X-ray fluorescence was monitored using silicon-drift Vortex® detectors
(Hitachi High-Technologies Science America Inc., Northridge, CA, USA). XFI data reduction and

analysis followed established practices.*

4.4.4 Density functional theory (DFT) calculations

DFT geometry optimizations and energy calculations were carried out using DMol® and
Biovia Materials Studio Version 2018 R1%>%% using the meta-GGA approximation employing the
M11-L functional both for the potential during the self-consistent field procedure, and for the
energy.*” DMol® double numerical basis sets included polarization functions for all atoms with all-

electron relativistic core treatments.

4.4.5 Summary of tissue samples

Table 4.1 summarizes background information on the samples examined in the present
study. Samples A-D originated from individuals who were lifetime residents of the Republic of
Seychelles, where marine fish forms a large part of the normal diet. Samples A and B were from
the same individual. None of these Seychellois suffered any known adverse effects attributable to
the mercury in their diets. Samples E and F were from a 48 year old woman who died 10 months
after accidental skin contact with an unknown volume of dimethylmercury in a research
laboratory.***¢Sample G came from the daughter of a hog-farmer who as an 8-year old had eaten
pork from an animal that had been given hog-feed that was contaminated with high levels of a
methylmercury species.*®*° She survived a further 21 years, but in a severely debilitated state,
eventually succumbing to her poisoning.®! Samples H and | originated from residents of Rochester,
New York who had no known exposures to mercury.
4.5 Results and Discussion
4.5.1 HERFD-XAS nomenclature

The HERFD method depends upon measurement of the X-ray fluorescence with narrower
energy resolution than the natural fluorescence linewidth, the lines of choice being the Se Kal
and the Hg Lal for the Se K and Hg L edges, respectively. Here we use the nomenclature Se
Kal and Hg Lal HERFD-XAS, rather than Se K-edge and Hg L-edge, because different
fluorescence lines can in principle be used to record the HERFD-XAS for a given edge; for
example, Swarbrick et al.> used the Pb LS5 line, rather than the Pb Lal, to examine the Pb Ly
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HERFD-XAS of lead species. Since the Hg Lal can only be used to record the Hg Ly HERFD-
XAS, the nomenclature specifying the fluorescence line is more specific.

Sources of spectroscopic broadening in XAS experiments include the resolving power of
the X-ray monochromator, but with conventional hard-X-ray XAS measurements the most
substantial source of broadening typically arises from the short lifetime of the Se 1s or Hg 2ps2
core-hole which is created by the primary X-ray photoexcitation. The energy resolution of
HERFD-XAS is instead partly governed by the substantially longer lifetime of the hole created
upon decay of an outer electron to fill the initial core hole, with concomitant emission of an X-
ray fluorescent photon. HERFD-XAS probes the diagonal of what is known as the resonant
inelastic X-ray scattering (R1XS) plane and shows dramatically improved energy resolution over
conventional XAS. It has been called high-resolution XAS (HR-XAS), although strictly speaking
this is inaccurate unless there are no off-diagonal RIXS contributions.* Fig. 4.1 shows an
example of Hg Lal HERFD-XAS in comparison with conventional Hg Li-edge XAS fora 1
mM frozen solution of dimethylmercury in propane-2-ol. The dramatic improvement in
spectroscopic resolution beyond conventional XAS that is afforded by HERFD-XAS is
immediately apparent. In particular, the lowest energy transition presents as a poorly resolved

shoulder in the XAS but becomes a well-resolved prominent peak in the HERFD-XAS.

4.5.2 Sources of exposure

The data presented in the current study derive from samples representing three
fundamentally different organometallic mercury exposure conditions. These are chronic long-
term low-level exposure, acute exposure with long-term survival and acute exposure with
shorter-term survival. The first category are Seychellois who were exposed to methylmercury,
probably in the form of methylmercury-L-cysteinate,'® from lifetime consumption of marine fish
which form the primary dietary protein source for this population. While most marine fish
typically contain substantial quantities of methylmercury bound to a thiolate donor,® recent
reports show that blue marlin, a large predatory species, may contain predominantly inorganic
mercury, in the form of mercuric selenide,® which is bio-unavailable because of its low
solubility.

For the two acute exposures, we note that the organometallic mercury compounds to
which the individuals were exposed differ, as does the time of survival following exposure. In the

New Mexico poisoning of sample G, corresponding to acute exposure with long-term survival,
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Table 4.1: Background information on brain tissue samples.

Sample Tissue Gende Age Origin Condition Hg? Se?
r

A Cerebellum ® M 67  Seychelles frozen 080 5.0

B Cerebellum ® M 67  Seychelles formalin 051 1.8

C Cerebellum °© M 67  Seychelles frozen 042 57

D Cerebellum °© M 67  Seychelles formalin 023 29

E Cerebellum ¢ F 48  Dartmouth formalin 309 10.8-37.0
F Cerebral Cortex ¢ F 48  Dartmouth paraffin 59.0 9.5-44.0
G Cerebral Cortex F 29  New Mexico paraffin 19.7  23.0-70.0
H Cerebellum F 57  Rochester formalin - 3.6

I Cerebellum F 57  Rochester paraffin - 6.0

Local levels of areas that were scanned spectroscopically, given in units of effective uM
concentration, and estimated from the measured edge-jump.*

Samples were from the same individual.

Samples were from the same individual.

Samples were from the same individual.
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Figure 4.1: Hg Lal HERFD-XAS (red line) and Hg Ly XAS (blue line) of dimethylmercury. The
insets show the structure of dimethylmercury (left) and Hg Lal emission (right) with the
experimental spectrum (blue points) measured at the non-resonant excitation energy of 12 800
eV, together with a Lorentzian peak fit (gray line) showing the centroid energy selected for

recording the HERFD-XAS.
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methylmercury in the form of contaminated pig tissues were consumed. Unaware of the presence
of deadly mercury compounds, a hog-farmer had fed his pigs grain dusted with the fungicide
Panogen®, which is methylmercury cyanoguanidine (also known as methylmercury
dicyanamide). One month later, one pig was slaughtered, presumably during the latency period
where no toxic signs were in evidence, and was consumed by the farmer’s family over a period of
three months.>! Various degrees of intoxication amongst family members became evident in the
following month, approximately four months after the poisoned pork was first consumed.*!
Methylmercury cyanoguanidine has never been structurally characterized, but likely structures
are those in which the CHsHg- group is bound to one of the nitrogens of the guanidinium moiety,
or to the nitrogen of the cyanide group. In either case the cyanoguanidine is expected to
dissociate from the methylmercury in vivo, and to be rapidly replaced by a thiolate donor from
abundant extracellular or intracellular thiols, most probably L-cysteine, to form compounds
containing the CHsHg—S(L-Cys) linkage.

The Dartmouth poisoning (samples E and F), acute exposure with shorter-term survival,
originated through skin absorption of an unknown volume of dimethylmercury in a research
laboratory. A researcher was preparing a 1**Hg NMR standard, following approved safety
guidelines, when she inadvertently spilled dimethylmercury upon the dorsum of her latex-gloved
hand. While the popular scientific press has proliferated the notion that this spill comprised only
a few drops,* the high mercury content of the tissues'* would suggest a higher dose, perhaps
more than 0.5 grams. Following exposure, unaware that she had assumed a lethal dose of
mercury, the researcher went about her normal activities. After approximately 3 months, she
began to experience weight loss, and at approximately 5 months developed rapidly worsening
neurological symptoms. She received aggressive treatment with meso-dimercaptosuccininc acid,
which acts to sequester Hg(l1) as a monothiolate,*® but died approximately 10 months after the
initial exposure.* Dimethylmercury is a highly volatile compound, and is also a hydrophobic
entity with an octanol-water partition coefficient Ky, of 200,>” (compare Koy for CHsHgOH of
0.07°8). Because of this, once internalized, it would be expected to cross cell membranes with
ease and to partition into lipid-rich tissues. It is much more stable than other group 12
organometallics to water, but nonetheless will readily undergo protonolysis in aqueous media to

form mono-methylmercury derivatives and methane.5%6°
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According to the elegant studies reported by Ostlund,®* mice injected with
dimethylmercury labelled with 2%Hg rapidly exhaled 80-90% of the dose administered, and while
no detectable dimethylmercury was found to be present after 16 hours, mono-methylmercury
species were distributed in the tissues of the mice.®* Ostlund used autoradiography to investigate
203Hg spatial distributions;5 shortly after dimethylmercury injection the majority of the 2°®Hg
was present in fatty tissues, with very little in the central nervous systems or in the placenta of
pregnant mice, until at four days after injection an increase in the central nervous system was
observed.®! Interestingly, at four days, the fetus of pregnant mice showed a marked uptake in the
eye lens,®! reminiscent of that observed for larval stage zebrafish.82-64

These results caused Ostlund to conclude that “dimethyl mercury behaves as a chemically
inert substance towards animal tissues” with toxic effects arising from degradation into other
compounds.®* This conclusion is chemically reasonable, as dimethylmercury itself is essentially
coordinatively satisfied, and while it can form weak bonds with hard ligands,®® it lacks the
distinguishing affinity for chalcogenides that defines much of mercury chemistry. Overall, the
evidence clearly indicates that protonolysis of one of the two C—-Hg bonds of dimethylmercury
had occurred in Ostlund’s mice mostly between 4 and 16 hours after injection. The same process

seems probable to have occurred in the Dartmouth poisoning.

4.5.3 The molecular form of mercury in brain with different exposures

As we describe above, the two acute exposures were initially to quite different
organometallic mercury compounds, and differences in localization might be expected in the
hours following exposure, and (before dimethylmercury protonolysis). However, it seems likely
that similar mono-methylmercury intoxication was ultimately responsible for the deaths in both
acute cases. Fig. 4.2 compares the Hg Lal HERFD-XAS of samples A&B (combined), E, F and
G. Sample AB represents chronic long-term exposure, E and F severe poisoning with survival of
10 months, and G severe poisoning with more protracted survival of 21 years. Linear-
combination fitting of the A and B data shows that the mercury in the chronic exposure is present
essentially exclusively in an organometallic form, with the CHsHg moiety coordinated to sulfur,
most likely a cysteine thiolate as a CHzHg—S(r-Cys). An example of linear combination analyses
is shown in Fig. 4.3. In contrast to A and B, samples E, F, and G show more complex mixtures of

species (Table 4.2) including species of mercuric selenide and inorganic mercury bound to two
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Figure 4.2: Hg Lal (left) and Se Kal (right) HERFD-XAS of brain tissue samples. Sample AB is
the weighted average of the two data sets A and B. Sample details are given in Table 4.1. The
black lines show experimental data, and the red lines show linear combination analyses according
to the details given in Table 4.2. Green vertical broken lines are included to emphasize energy

shifts in the spectra.
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Table 4.2: Hg and Se linear combination speciation analysis.

% mercury species

Sample HgSe RS—Hg-SR RS—Hg—-CHz3
A+B - - 100+1

E 45 + 2 nano 29+3 26 +2

F 18 1 solid 49 + 2 33+2

G 61 5" 34+7 5144

% selenium species

Sample HgSe R—Se-R' RS-Se-SR R-Se-SR oxidized Se
A - 48 +3 34+4 15+ 8 3+2
B - 44+ 1 25+1 21+3 10+1
C - 32+2 2442 37+4 7+1
D - 26+ 2 742 58 + 3 9+1
E 57 + 2 solid 17+1 11+1 9+3 6+1
F 59 + 1 nano 20+1 11+1 7+1 3+1
G 49 + 2 solid 26+ 1 21+1 - 4+1
H - 67 +3 16 +2 - 17+2
| - 73+4 6+4 14+ 8 7+2

Percent contributions of each component in the fit, + estimated standard deviations obtained from
the diagonal of the variance-covariance matrix. For HgSe, both crystalline (solid) and nano-
particulate (nano) forms were separately tested in fits of each sample, with the form giving the
best fit presented in the table, as indicated adjacent to the value. Additional standard spectra used
were as follows: RS—Hg—-SR, mercury(l1)-bis-L-cysteinate; RS—Hg—CHzs, methylmercury-c-
cysteinate; R—Se—R', L-selenomethionine; RS-Se-SR, selenium-bis-S-glutathione; R-Se-SR,
selenocysteine-cysteine selanylsulfide; oxidized Se, [(CH3)Se]* as a generic oxidized selenium

form, with floating energy shift in refinement.
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sulfurs. The appearance of these species is addressed below. Dimethylmercury shows a highly
distinctive spectrum (Fig. 4.1) and, as expected, both samples E and F gave zero fractions of this

species when it was included in linear combination fits (not illustrated).

4.5.4 Mercuric selenide species

For samples E, F, and G (acute exposures), both the Hg Lal and Se Kal HERFD-XAS of
the tissues examined clearly showed the presence of different amounts of mercuric selenide,
HgSe, which has distinctive Hg Lal and Se Kol HERFD-XAS (Fig. 4.2, Fig. 4.3, Table 4.2). We
have previously reported conventional XAS spectra for both crystalline and nano-particulate
mercuric selenide (nano-HgSe), the latter exhibiting XAS spectra that are distinct from those of
crystalline HgSe.?*2* Manceau and co-workers?’ have also recently reported the Hg Lal HERFD-
XAS of nano-HgSe, which is in reasonable agreement with our data. Fig. 4.4 compares the Se
Kal and Hg Lal HERFD-XAS spectra of nano-HgSe with the conventional XAS spectra of the
same samples. As expected, the HERFD-XAS spectra can be seen to be a better-resolved version
of the conventional XAS, with distinctly similar spectra for crystalline and nano-particulate
HgSe, but differing in the amplitudes of the post-edge structure, which is more pronounced for
the crystalline material.

HgSe occurs mineralogically as Tiemannite, which has the zincblende structure; the
wurtzite structure may plausibly occur in small particles,®® although this has never been
experimentally observed.%” Both structures show four-coordinate Hg and four-coordinate Se, and
are expected to be difficult to distinguish by EXAFS.2 Naturally occurring tiemannite frequently
occurs in combination with sulfur, as HgSxSe1«, with nearly the entire range of x from -HgS
(x=1) to HgSe (x=0) having been observed.®® Crystalline HgSe deposits have previously been
identified in whale liver,®® and we have previously identified mixed chalcogenide HgSxSe1 x
nano-deposits in larval stage zebrafish treated with mercury compounds.*®?® Our standard
solution preparations of nano-HgSe stabilized with external glutathione linkages comprise black
solutions, 2% and are approximately 100 atoms in each of Hg and Se, with a diameter of about 20
A % similar to the preparations of others.”

Fig. 4.5 shows high-resolution XFI data on an 8 pum thick section of cerebellum
corresponding to sample G. The molecular layer, predominantly consisting of dendrites and

axons derived from cells in other layers, is to the top right of the section, visible as the region that
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Figure 4.3: Example linear combination analyses for brain tissue sample F (Table 4.1), showing
Hg Lal (top) and Se Kal (bottom) HERFD-XAS. Points indicate experimental measurements
and the black lines the best fits. The colored lines beneath indicate the spectra of individual
components, scaled according to their contributions. In both Hg and Se plots the red lines
indicate HgSe. In the Hg plot the green and blue lines indicate mercury(l1)-bis-thiolate and
methylmercury-thiolate, respectively (Table 4.2). In the Se plot the green, blue, orange and gray
indicate selenium-bis-S-glutathione, L-selenomethionine, selenocysteine-cysteine selanylsulfide,

and oxidized Se, respectively (Table 4.2).
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Figure 4.4: Comparison of HERFD-XAS and conventional XAS of nano-particulate and
crystalline HgSe. The top pairs of spectra are the HERFD-XAS, and the bottom pairs of spectra

the conventional XAS.
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Figure 4.5: X-ray fluorescence imaging of an 8 um thick section of cerebellar brain tissue
corresponding to sample G. Maps of selected elements are shown, with maximum areal densities
for P, S, Zn, Se and Hg of 42, 35, 13, 35 and 35 pmol-cm™, respectively. The minima in all the
maps correspond to zero areal densities. The inset shows a correlation plot between the Hg and

Se content of the image, with the best fit line shown (slope = 1.08).
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is essentially devoid of nuclei. The granular layer, containing the granule cells is to the bottom
right, with the cell nuclei clearly visible via their high phosphorus content. No Purkinje cells are
obviously present in this section. The correlation plot (Fig. 4.5, inset) clearly shows a nearly 1:1
molar correspondence between concentrations of mercury and selenium, indicating the presence
of HgSe in the sample. The spatial resolution of the experiment was 500 nm, and the observation
of isolated hot-spots of Hg and Se that are approximately one pixel across suggest that clusters
are smaller than this dimension. While Fig. 4.5 shows clearly discernable cell nuclei, the types of
cells involved in the HgSe cannot be determined. For example, astrocytes are likely to
phagocytose HgSe particles, which would then accumulate in lysosomes within these cells. It
therefore seems likely that the highest levels of Fig. 4.5 may represent accumulations of several
discrete HgSe particles, rather than large single isolated particles. Fig. 4.5 has discernable pixels
containing both Hg and Se with areal densities* of 2 to 5 pmol-cm™ in both Hg and Se, and if
these are due to a single HgSe particle then this would correspond to a nano-particle comprised of
approximately 3,000 to 7,000 atoms of both Hg and Se, which would be 60 to 80 A in diameter.

Our previous conventional XAS EXAFS analysis,?* also gives clues as to the size of the
clusters in brain tissues. The major structural differences between the core of an HgSe nano-
particle compared with crystalline material, are expected to be related to disorder in both short
and long-range interatomic distances. For smaller particles, disorder is predicted to be greater and
the amplitudes of long-range EXAFS contributions would be damped due to the presence of
substantial static Debye-Waller factors. Thus, both crystalline and nano-particulate HgSe show
intense first-shell EXAFS from four Hg—Se bonds at 2.61 A, with outer shell features giving rise
to peaks in the Fourier transform at ~4.3 A.2* The amplitudes in EXAFS of brain tissue samples
previously studied®* are more pronounced than for the ~Hgi00S€100 Nano-HgSe previously
investigated,?® and much less intense than those observed with crystalline HgSe. Thus, the likely
size of the HgSe clusters in the brain tissue is between 80 and 20 A. In agreement with this, we
find that in some cases the nano-HgSe standard fits the data better, whereas in other crystalline
HgSe shows better fits (Table 4.2).
4.5.5 Inorganic mercury bound to two thiolate donors

The second major component revealed by linear combination analysis of the samples
derived from acute exposures is Hg(l1) bound to two thiolate donors (e.g. Hg(Cys)2) (Table 4.2).

This was also detected using conventional XAS,?* and indeed, it almost appears that it may be a
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signature of catastrophic intoxication. We have previously shown that methylmercury
compounds can coordinate the selenolate of the selenoenzyme thioredoxin reductase,” but
thioredoxin itself has previously been suggested as a toxicological target of both inorganic and
organometallic forms of mercury.”*~"3 Both thioredoxin 1 and its mitochondrial counterpart
thioredoxin 2 are abundant in human brain, with their active sites both containing a CXXC motif
at their active sites (CPYC and CGPC in thioredoxin 1 and 2, respectively). Vertebrate tissues
also contain a number of other proteins that are important in redox homeostasis that share similar
CXXC active sites, such as the glutaredoxins.’* Such active sites configurations can readily
accommodate inorganic mercury as a linear digonal bis-thiolate complex, and it seems plausible
that the Hg(SR)2 present in the brain tissue samples from acute exposures might be derived from

inhibited thioredoxin and other proteins with the CXXC motif in vivo.

4.5.6 Organometallic mercury bound to chalcogenide donors

Of the two acute cases, linear combination analysis (Table 4.2) indicated that both
samples from the acute exposure with shorter-term survival case (E and F) contained thiolate-
bound methylmercury, but at slightly different levels, 26 and 33% for cerebellum and cerebral
cortex, respectively. In contrast, the sample from the acute exposure with long-term survival case
(sample G) showed only relatively small amounts of this species, and we conclude that the
sample has no detectible thiolate-bound methylmercury.

We also examined the possibility of other mercury chemical species, in particular
methylmercury L-selenocysteinate,’® which when incorporated into the linear combination fitting
schemes did show subtly improved fits in some cases. As we have previously noted,* the Hg
Lal HERFD-XAS spectra of methylmercury L-selenocysteinate and methylmercury L-cysteinate
are very similar, but the features of the Hg Lal HERFD-XAS for the selenium congener are
shifted slightly to lower energy.”® Such coordination might originate through inhibition of
essential selenoenzymes, and we have recently shown that methylmercury inhibits the essential
selenoenzyme thioredoxin reductase through covalent binding of the selenolate of the active site
selenocyteine residue.’® Significantly, no improvements in the fitting of the chronic exposure
samples were obtained when methylmercury L-selenocysteinate was incorporated in the linear
combination analysis, and the improvements in fits for acute exposure samples the tended to be
marginal (not illustrated), with the selenium congener replacing the methylmercury L-cysteinate.

However, little correspondence was observed between fits of the Hg Lol and Se Kol HERFD-
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XAS, and we conclude that the presence methylmercury L-selenocysteinate cannot be
demonstrated with confidence.

4.5.7 Molecular form of selenium in brain tissues

The Se Kal HERFD-XAS show distinctive spectra for the low-level exposure, compared
with the samples from the acute exposures. In all cases the acute exposures showed significant
HgSe, as described above, whereas this was not found to be component of the chronic exposures.
No other species of selenium bound to mercury could be identified with confidence in any of the
samples, and the presence of HgSe may be another human indicator of catastrophic poisoning.
The remainder of the selenium was modelled as a range of organic selenium species which may
represent essential selenium not bound to mercury, such as in selenoenzymes. However, as we
note below, such organic selenium is expected to be more strongly affected by the preservation
method.

The final linear combination analyses for all samples for both Hg Lal and Se Kal
HERFD-XAS are shown in Fig. 4.2 and summarized in Table 4.2. We have noted that the
presence of Hg(Il) bound to two thiolate donors may be a signal of poisoning. The second major
form that was detected is HgSe, but this can only be benign because of its very low solubility
(solubility product ~10°%).” Any mercury present as HgSe will therefore be rendered bio-
unavailable and effectively excluded from any involvement in biological processes. The third
mercury form, methylmercury bound to one thiolate donor, was present in the shorter-term

survival poisoning case, and less-pronounced in the long-term survival case.

4.5.8 In-vivo origins of mercuric selenide

As noted above, the relationship between selenium and mercury is complex. The
toxicological antagonism between selenium and inorganic mercury in vertebrates is well-
established at doses corresponding to acute exposures.t>?® With inorganic mercury, nano-
particulate HgSxSe1 x forms with endogenous selenium,?® and mercury’s toxic effects are
dramatically reduced when selenium is pre-administered (as L-selenomethionine), with formation
of nano-particulate HgSe, but not if the order is reversed and mercury is given before selenium.®®
With methylmercury, administration of selenium (as L-selenomethionine) magnifies the
methylmercury toxicity, irrespective of the order, via an unknown mechanism.*® Both inorganic
mercury and methylmercury inhibit selenium transport, possibly by binding to the selenoprotein

P transporter; selenium is depleted from tissues and levels are not restored by subsequent L-
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selenomethionine treatments,* and thyroid metabolism, which depends upon selenoenzymes, is
severely disrupted by both mercury forms.®®

The studies of Dolgova et al.,*® are insightful but spanned only a few days. It is clear that
while conversion of methylmercury to inorganic forms occurs in the vertebrate brain, this process
is relatively slow,’® and the mechanisms by which it occurs are unclear. It has long been known
that methylmercury complexes of selenium can spontaneously decompose to form HgSe. Thus, in
our hands, solutions of methylmercury L-selenocysteinate,’” are stable at high pH but near to
neutral pH rapidly precipitate HgSe, as identified by powder X-ray diffraction.?* Even the
crystalline solid of methylmercury L-selenocysteinate slowly decomposes to form HgSe on
storage at room temperature. The mechanism of this reaction is thought to involve two
methylmercury L-selenocysteinate molecules combining to form bis-methylmercuric selenide
(CHsHg).Se,’® and bis-L-alanylselenide.” (CHszHg)2Se will spontaneously eliminate HgSe
forming dimethylmercury,’® and as we have discussed above, dimethylmercury will undergo
spontaneous protonolysis to form methane and mono-methylmercury, which can then participate
in further cycles of the reaction.”

A related mechanism can operate with methylmercury-L-selenocysteinate and
methylmercury-L-cysteinate, which can form (CHsHg)2Se and bis-L-alanylsulfide.’® For this
mechanism to operate in vivo, two molecules of methylmercury -(seleno)cysteinate would need
to come into close enough proximity to react chemically. In our studies of thioredoxin reductase
inhibited with methylmercury,” which contains methylmercury L-selenocysteineate at the active
site, we have observed that the protein, unlike free methylmercury r-selenocysteineate, is stable
in solution. This is probably because the protein prevents individual methylmercury -
selenocysteineate groups from coming into sufficiently close proximity to react. This bimolecular
requirement may explain the slow observed rates of demethylation of methylmercury in vivo, if
this mechanism does in fact occur to any appreciable extent.

Manceau and co-workers have suggested that methylmercury binding to multiple
selenocysteine residues at the C-terminal end of selenoprotein P may cause the mercury to
demethylate.?” This is a chemically plausible suggestion, as we predict that multiple selenolate
donors will increase the charge distribution across the Hg—C bond, effectively catalyzing

protonolysis. The resulting inorganic complex could form a four-coordinate [Hg(SeCys)4]? core
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Figure 4.6: Comparison of Hg Lal (top; samples A and B) and Se Kal (bottom; samples C and
D) HERFD-XAS for frozen (red) and fixed (blue) tissue.
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within the protein, which might deplete essential selenium, and with time could form HgSe
deposits.?"%8
4.5.9 Comparison of speciation in fixed versus cryopreserved specimens

Our study depends upon the availability of human tissue samples, some of which are from
irreproducible historical acute poisoning events and are only available as fixed samples. Our
previous speciation studies®? have been criticized as lacking relevance because of possible
chemical changes caused by fixation, and in particular that the mercury content will be lost to the
formalin fixative.8 While this has already been extensively discussed,®>®! here we compare
frozen and formalin fixed tissues taken from the same individual, samples A and B. Fig. 4.6
compares Hg Lal and Se Kal HERFD-XAS of two pairs of cerebellum samples taken from two
different individuals; one sample from each individual was fixed in formalin as per normal
medical practice, while the other was frozen and stored at —80°C. Concentrations are low,
particularly for mercury, but within the noise the observed spectra show no observable changes
for mercury. The selenium Se Kal HERFD-XAS, however, shows distinctive differences
between fixed and frozen samples. This finding is in agreement with our earlier discussions.

Commercial formalin fixative solutions consist of aqueous formaldehyde (HCHO) with
some methanol (CH3OH) which serves to inhibit formaldehyde polymerization that would
otherwise precipitate as paraformaldehyde over time. Because of its low molecular weight and
solubility in both lipid and aqueous phases, formaldehyde will diffuse rapidly throughout tissue
samples, and will serve to fix the sample through cross-linking of proteins. Previous work has
shown that fixation in formalin will dramatically alter the distributions of soluble tissue
components such as CI~ and K*.82 As we have previously discussed® compounds of mercury are
likely to be chemically stable to exposure to formaldehyde. Similarly, selenium present as the
insoluble and inert HgSe is unlikely to be affected in either localization or chemical form by
exposure to formaldehyde. However, organo-selenium compounds such as selenocysteine are
expected to react with formaldehyde to form selanylmethanol derivatives, which in turn may
cyclize by reacting with amino groups.3? Using the edge jump of the HERFD-XAS as an
indicator of concentration we find similar mercury levels in the two samples, with the fixed tissue
at 0.80 uM and the frozen slightly lower at 0.51 puM. The fact that the frozen sample showed
lower concentrations than the fixed sample is probably due to the fact that different physical

regions were necessarily studied. This result is consistent both with our earlier discussions,?3382
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and with the findings of others indicating that mercury is not lost from tissues into formalin-
based fixative solutions.®®

The work presented here shows that the molecular-level fates of methylmercury
compounds differ remarkably between chronic low-level long-term exposure and acute
poisoning. With acute exposure we find that the relationship with selenium appears to be very
important, with formation of biologically inert nano-particulate HgSe deposits, and occurrence of
Hg(1l)-bis-thiolate complexes, which may be a marker for methylmercury poisoning. In contrast,
the chemical form of mercury in chronic low-level methylmercury exposure, from marine fish
consumption with no evident adverse effects, remains essentially unchanged from that observed
for marine fish. The implications of this finding are that mechanistic studies involving acute
exposures of animal models may have little or no relevance to the vast majority of human
exposure to methylmercury, which is chronic low-level in nature, and derives from consumption

of marine fish.
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CHAPTER 5: PRESERVATION METHOD INFLUENCES ON MEASURED ELEMENTAL

LOCALIZATIONS AND CONCENTRATIONS IN LARVAL ZEBRAFISH

5.1 Preface

The method of preservation of the historical samples in Chapter 3 raised the question of
how preservation method might affect the speciation of mercury and endogenous elements. In
Chapter 4, these differences were explored using brain tissue samples from a single individual
which had been either cryopreserved or undergone fixation in formalin. Here, the vertebrate
model organism, zebrafish (Danio rerio) was utilized to compare fish which had been
experimentally exposed to mercury and subsequently cryopreserved or fixed using the JB-4
methacrylate embedding technique, a highly utilized preservation method in histology. Direct
comparisons were made using X-ray fluorescence imaging (XFI) maps of similar sections of
larval zebrafish which had been prepared using differing preservation techniques. The results of
this work demonstrated that the previously mentioned preservation techniques have little effect
on the accumulation or distribution of mercury in larval zebrafish. However, changes in both

were noted in endogenous elements investigated.
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5.2 Abstract

Preservation of experimental samples is a common practice in many fields where
immunostaining or histological analyses are important. Largely studied have been the effects of
the commonly used formalin-fixation technique, including on the distribution and levels of
endogenous elements. These effects have been contrasted with another commonly used method
of preservation, cryopreservation. The JB-4 methacrylate preservation protocol, a well-described
preservation technique has been studied very little in comparison, and no studies exist which
qualitatively and quantitatively compare methacrylate fixation to cryopreservation in relation to
elemental distributions and concentrations both of endogenous elements and of mercury, post-
exposure. Here, zebrafish (Danio rerio) were exposed to organometallic mercury and
subsequently preserved using either methacrylate fixation or cryopreservation techniques. X-ray
fluorescence imaging (XFI) was utilized to both visualize potential changes in elemental
distributions as well as to quantitatively compare concentrations in different tissues between
methods. Mercury was not seen to be significantly affected by preservation method; however

endogenous elements were affected to varying degrees, dependent on the tissues measured.
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5.3 Introduction

Twenty-eight of the one hundred and eighteen known chemical elements are recognized
to play essential roles in living organisms; many of the heavier elements, such as transition metal
ions, are vital for many of the most important chemistry that drives life.! A large number of other
elements can be toxic to life, and the mechanisms by which both functional and toxic elements
exert their effects?> 2 are of considerable interest. Living organisms possess inherent structure,
with length scales ranging from nanometers and below, to millimeters and above, and the spatial
distribution of chemical elements is essential information for understanding their function. X-ray
fluorescence imaging (XF1)!* is an increasingly used method for the study of elemental
localization on a range of length scales from subcellular to whole (small) organisms. Quantitation
of elemental concentrations and correlation of these levels between the various elements can be
achieved on a pixel by pixel basis. Moreover, the elemental distribution between and within
structures such as organs, tissues and subcellular compartments can be identified and visualized,
especially if the XFI is correlated with conventional histological images or other probes such as
Fourier transform infrared imaging. However, the preservation and preparation methods used for
tissue samples to be investigated by XFI should ideally reflect the elemental distribution in the
living organism and may necessitate different preparation approaches for different analyses.

Since the pathlength of XFI in soft biological tissues is a few millimeters at most for
heavier elements, and considerably less for lighter elements, preparation of sections is required
for almost all tissue examination. In addition, since access to synchrotron facilities, essential for
conducting XFI analysis of trace elements in biological tissues, is often distant from home
laboratories and sporadic in nature, preservation of tissues is necessary. In some cases, in
particular autopsy samples which may have been preserved for other reasons, there may be little
control over the preservation methods. However, in the case of laboratory experiments in which
tissues are intended for XFI analysis, there may be choice over the preservation method utilized.
The ideal method will provide excellent preservation of the physical structures while maintaining
the elemental distribution of the endogenous and exogenous elements. Previous work has
investigated the effect of preservation method on the distribution of endogenous elements
including mammalian brain tissue®>® and in adherent mammalian cells.!” Studies have
highlighted the challenges with fixation of mobile elements such as chloride and potassium, and
have shown that cryopreservation more faithfully preserves the majority of biological elements.*®
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Zebrafish have been demonstrated as a versatile model for investigating vertebrate
development; our group has developed XFI of zebrafish to investigate the effects of toxic
elements, especially different forms of mercury and its relationships with other elements.>*° Here
we present a study of larval stage zebrafish exposed to methylmercury L-cysteinate (MeHg-L-
Cys) and quantitatively compare elemental distributions from XFI images using standard
microscopy methods for sectioning with those obtained using frozen samples and a
cryomicrotome. The present study focuses on mercury, as a widespread toxic element, as well as
endogenous biological elements, and highlights distributions and concentrations within different

tissue types. The advantages and limitations of the different preservation methods are discussed.
5.4 Materials and Methods
5.4.1 Zebrafish

Zebrafish were raised and maintained in the Lab Animals Services Unit (LASU) at the
University of Saskatchewan. All experiments conducted using zebrafish were approved by the
University of Saskatchewan Ethics Board. Wildtype zebrafish of the Tlbingen strain were
utilized for this work. Zebrafish larvae collected post-mate were rinsed in system water for debris
removal and were subsequently distributed into Petri dishes containing embryo media. Petri
dishes contained no more than 50 embryos per dish with embryo media solution changed daily
along with removal of debris including hatched chorions and dead embryos removed daily up to
the point of hatching, 3 days post-fertilization (dpf). Growing larvae as well as larvae utilized for
experimental treatment groups were maintained in an incubator which was kept at 28°C. Upon
initiation of experiment zebrafish larvae numbers were reduced to 20 larvae per Petri dish with a
minimum of 5 Petri dishes per treatment group. Stock solutions of MeHg-L-Cys were made using
a 1 M aqueous solution of methylmercury hydroxide (Strem Chemicals Inc. Newburyport, MA),
L-cysteine (Millipore Sigma, Oakville, ON) and deionized water (Millipore) as previously
described.®*

Experiments began at 3 dpf when all larvae are completely hatched from their chorions.
Treatment groups included an experimental group (0.2 UM MeHg-L-Cys) and a control group
(embryo media alone). Experimental solutions were changed every 24 hours with deaths and
deformities noted at the same time point. Exposure continued to 5 dpf upon which any remaining

living larvae were euthanized with 0.2% Tricaine.
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5.4.2 Preservation techniques

Here, two individual preservation methods were utilized. The first was a cryopreservation
technique whereby whole euthanized larvae were embedded and properly oriented in a cryomold
filled with OCT media. This mold was subsequently immersed into isopentane cooled using
liquid nitrogen which is ideal for rapid freezing, prevention of ice crystal formation and well
preserved tissues.?%?! Zebrafish larvae were then sectioned to 10 um using a SBE Scientific
HMS550 cryostat microtome (Markham, ON, Canada) with sections intended for X-ray
fluorescence imaging (XFI) being mounted on Thermanox plastic coverslips and adjacent
sections intended for histology and optical microscopy were mounted onto Fisherbrand
Superfrost Plus microscope slides.

The second preservation method utilized was methacrylate embedding. Briefly,
euthanized larvae were immersed in 4% paraformaldehyde in 30 mM PBS for two hours
followed by graded ethanol dehydration completed in 5-minute washes (0, 25, 50, 75, 100%
ethanol) using ethanol and 30 mM PBS with 0.1% Tween 20 (PBST). Larvae were stored
overnight at 4°C or in this state until needed. This was followed by a graded ethanol rehydration
(0, 25, 50, 75, 100% PBST) the reverse of the previous step in 5-minute washes back to 100%
PBST. Larvae were then carefully and quickly oriented into small molds which were filled with
heated 1% agarose gel. Upon hardening of the gel, blocks were carefully cut out around the
larvae and dehydrated in 100% ethanol while gently rotating at 4°C for a 5-8 hour time period.
Blocks were subsequently immersed in infiltration solution A from the JB-4 methacrylate kit
(Polysciences, Warrington, PA, USA) and left gently rotating overnight at 4°C. Solution A was
changed the following day and gently rotated again at 4°C for another 5-6 hours. Here the
infiltrated blocks were carefully oriented into embedding molds which were subsequently filled
with JB-4 Solution B and fresh infiltration solution and then having aluminum mounting chucks
placed on top. These blocks were left to polymerize overnight at 4°C with the molds being placed
on ice and wrapped in plastic. Once hardened, a microtome and glass knives were utilized to
section blocks containing zebrafish larvae at 10 um. Again, sections intended for XFI were
mounted onto Thermanox plastic coverslips with adjacent sections mounted on Fisherbrand

Superfrost Plus microscope slides for histology and optical microscopy.
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5.4.3 X-ray fluorescence imaging (XFI)

All X-ray fluorescence images were collected at the 7 GeV Advanced Photon Source
(APS, Argonne, IL) operating in top-up mode with a ring current of 102 mA. Images were
recorded on undulator beamline 20-1D-B employing a Si(111) double crystal monochromator and
using Rh-coated Kirkpatrick Baez (KB) mirrors to provide a focussed microbeam. The incoming
X-ray beam was set to an energy of 13 450 eV to maximize trace element collection while
including mercury L fluorescence and eliminating bromine K-edge fluorescence. Samples were
mounted at a 45° angle to the incoming X-ray beam, with the beam located at a 90° angle to the
4-element silicon drift Vortex® detector (Hitachi High-Technologies Science America Inc.,
Northridge, CA, USA) which was retrofitted with a collimator. Samples which were mounted on
6.3 um polypropylene film were “raster scanned” with a pixel size of 5 um % 5 um and a dwell

time of 600 ms/pixel.

5.4.4 Statistical analysis

GraphPad Prism (Version 8.4.3) was utilized for detecting significant differences in
quantitation of elements. Differences were detected in multiple target organs, as well as for whole
sections using two-sample, unpaired t-tests. We note that XFI maps for methylmercury r-cysteine
cryopreserved head and trunk sections had an n=4, while methacrylate preserved treatment
groups had an n=3 for head sections and an n=2 for trunk sections. We additionally note that the
use of statistical tests based on normal distributions is standard practice in XFI analyses;
however, the correct probability distribution function for XFI data is clearly not a normal
distribution as values can never be negative. Hence, a log-normal or gamma distribution function
will be more appropriate. Nonetheless, we have employed these standard tools here. A detailed
discussion of the correct statistical treatment of XFI is outside the scope of the present work.
5.5 Results and Discussion
5.5.1 Optical images

A comparison hematoxylin and eosin stained histological images of both head and trunk
sections of zebrafish larvae which have been either cryopreserved (Fig. 5.1A, C) or methacrylate
embedded (Fig. 5.1B, D) can be seen in Fig. 5.1. Sections 5.1B and 5.1D also highlight relevant
anatomical features present in these respective sections including the brain (br), retinal pigmented

epithelium (rpe), optic nerve (on) and eye lens (el) in the head section (Fig. 5.1B), and the liver
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Figure 5.1: Optical images of larval zebrafish aged 5 dpf 10 um head and liver sections preserved
using either a cryopreservation technique (A,C) or a methacrylate embedding technique (B,D). A
representative image of a head and liver section (B,D) denotes various important anatomical
features including the lens (el), brain (br), optical nerve (on), retinal pigmented epithelium (rpe)
and liver (Iv), yolk sac (yk), gut tube (gt), pronephric duct (pd), somatic muscle (sm) and pigment

spot (ps) in representative sections.
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(Iv), the gut tube (gt), yolk sac (yk), the pronephric duct (pd), somatic muscle (sm) and pigment
spots (ps) in the trunk section (Fig. 5.1D).

It is apparent from Fig. 5.1 that anatomical structures are much better preserved in the
embedded (Fig. 5.1B, D) compared with the cryopreserved sections (Fig. 5.1A, C). For the
sections prepared by cryopreservation, minor tearing was present around the lens of the eye in
Fig. 5.1A as well as tearing in the trunk section near the gut tube in Fig. 5.1C. Considering all of
the sections, cryopreserved tissue was generally more susceptible to tears when compared with
methacrylate preservation. A subtle “smearing effect” was also noted in the trunk section (Fig.
5.1C), with the lower half of the section appearing to be slightly asymmetrical. This was another
consequence of cryopreservation which occurred relatively frequently. In contrast, the
methacrylate embedding technique resulted in sections which consistently had remarkably intact
anatomy (Fig. 5.1B, D). Here, single layers of cells were very easy to visualize. However, also
noticeable in the methacrylate embedded sections (in optical images, not illustrated) is a series of
parallel diagonal lines crossing the image and obscuring some of the anatomy. This was a pitfall
specific to the embedding technique and is assumed to be due to slight imperfections in the glass

knives. This effect was not seen in cryopreserved tissue.

5.5.2 Effect on distributions of individual elements

Before considering the specific effects, or otherwise, of the preparation technigues, we
briefly consider other sources of variation. When considering quantitation of whole sections
irrespective of preservation, differences in the longitudinal depth within the larva of the section
collected can change the volume of relevant organs present within the section, which may slightly
influence the values collected by quantitating XFI images. As an example, a head section taken at
a slightly shallower depth in the head of the larval zebrafish will contain less of the eye lens and
substantially more brain tissue than a section taken tens of microns deeper. Small differences in
volume of organs present due to biological variability between larvae are possible, though
expected to be small. Homogeneity of elements, or lack of it, across specific tissues or organs
would also add complexity to the quantitation. Interestingly, research using autopsy materials has
shown that essential elements are nearly homogenous in liver and kidney tissue with a slight
increase being noted between different areas of the brain for copper, iron and calcium, among
others.?? Toxic metals were seen to be more variable in kidneys and brain tissue.?? In addition,

any variability in the thickness of individual sections would give rise to an additional systematic
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error; here we expect those small differences to be negligible due to the consistency in sectioning.
It is important to achieve consistency when sectioning which is easier accomplished cutting
tissues which have been embedded in methacrylate compared to those which have been
cryopreserved. For an excellent review on microtomy using frozen and fixed sections, refer to

Spencer et al.?

5.5.3 Mercury

Fig. 2 highlights mercury fluorescence in zebrafish larvae of the same age (5 dpf) and
having received the same exposure to 0.2 uM MeHg-L-Cys. Those in Fig. 5.2A and C were
cryopreserved while those in Fig. 5.2B and D were methacrylate embedded. Fig. 5.3 shows the
XFI distributions of endogenous elements in the same head sections as in Fig. 5.2A and B, with
quantitative analysis of elements shown in Fig. 5.4. Fig. 5.5 displays the additional elements for
the trunk sections, with the corresponding results of quantitative analysis in Fig.5.6. The colour
bars in all XFI images represent the gradient of elemental concentrations present within the
section, with black indicating a very low to almost negligible concentration moving through the
colour spectrum to red which represents the highest concentration of that specific element (here,
mercury) in that section. The methacrylate images (Fig. 5.2B, D) are scaled to the highest
concentration of mercury present in the cryopreserved images (Fig. 5.2A, C) to visually highlight
similarities or differences in average mercury concentrations present. The distribution of mercury
clearly remains the same in both head and trunk sections irrespective of preservation method.
Target organs for MeHg-L-Cys include the lens of the eye and the brain, as well as the liver and
kidneys, as has been observed previously.>+58181° Quantitative analysis of zebrafish sections as
seen in Fig. 5.4 indicates no significant differences between cryopreserved and methacrylate
embedded sections in head sections in the levels of mercury determined in the brain, lenses and
total-head sections; the cryopreserved showed slightly higher average concentrations in the brain
as well as the whole image although these differences were not significant. The mercury
concentration averaged slightly higher in the lenses of the methacrylate images, but also not
significantly so (Fig 5.4). Fig. 5.6 demonstrates a trend of slightly higher mercury concentrations
in cryopreserved sections, specifically in the liver, the kidneys as well as the trunk sections in
their entirety, which encompass all tissues present. No significant differences existed for mercury

in trunk sections (Fig 5.6).
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Figure 5.2: Mercury X-ray fluorescence imaging of zebrafish larvae aged 5 dpf after exposure to
0.2 uM MeHg-L-Cys for 48 hours. Upon euthanization larvae were preserved using a
methacrylate embedding technique (2B, D) or a cryopreservation method using OCT media (2A,
C) and sectioned into 10 um head and trunk sections. Both methacrylate preserved images are
scaled to the highest concentration present in cryopreserved images. Colour bar indicates highest

concentration of mercury present in units of areal density (pg/cm?). Scale bar denotes 50 pm.
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Figure 5.3: X-ray fluorescence images of head sections of 5 dpf larval zebrafish exposed to 0.2

UM MeHg-L-Cys and subsequently preserved in methacrylate (right columns) or cryopreserved in
OCT media (left columns). Concentrations and distributions of various elements (ug/cm?)
including zinc, calcium, selenium, copper, sulfur, iron and potassium are compared for the two
preservation methods. Images are scaled to the concentration present in the cryopreserved image
to emphasize similarities or differences in concentration when present. Colour bar indicates

maximum concentration of each element present. Scale bar is 50 um.
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Figure 5.4: Quantitative analysis of head sections of larval zebrafish X-ray fluorescence images.
All mercury, selenium, sulfur, zinc, calcium, copper and potassium were averaged together in the
image in its entirety as well as in target organs including the lenses and the brain. Treatment
groups included MeHg-.-Cys, cryopreserved (pink bars) and MeHg-L-Cys, methacrylate
preserved (green bars), respectively. Significant differences in the concentration of each element
present (pg/cm? or ng/cm?) between preservation methods are indicated as (*p < 0.05, **p <

0.001, ***p < 0.001) as determined by two sample unpaired t-test. Error bars indicate + SD.
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5.5.4 Zinc

In the head section, zinc was seen to have very similar localization patterns in both
methods, being most concentrated in the retinal pigmented epithelium as well as in pigment
spots, when present (Fig. 5.3). No significant differences were found in any part of the head
sections analyzed (Fig. 5.4), although whole head section comparisons were found to be
approaching significance (p=0.057). The highest average concentration of zinc (approximately 40
ng/cm?) was found in the lenses of the eyes of the methacrylate embedded larvae, a concentration
slightly higher than its cryopreserved counterpart. In contrast, the brain and the whole head
section concentrations averaged slightly higher in the cryopreserved larvae.

In the trunk section, zinc was seen in both preservation methods to accumulate highly in
the dorsal, midline and ventral pigment spots in XFI trunk sections of zebrafish larvae (Fig. 5.5),
which visually appeared similar in the two methods. Zinc fluorescence in the remainder of the
tissues was noticeably fainter in the methacrylate image when placed on the same scale as the
cryopreserved image. However, there was not a significant difference between methods for whole
trunk sections (Fig. 5.6), which is consistent with the measurement being dominated by the
strong accumulation of zinc in the pigment spots in both measurements. Zinc accumulation in the
livers of the cryopreserved larvae was significantly greater than methacrylate sections (**p <
0.001) but not for kidney sections. Cryopreserved kidneys had the highest zinc concentrations out

of all measurements taken at approximately 36 ng/cm?.

5.5.5 Selenium

Selenium distribution did not vary between methods in head sections, with accumulation
occurring highly in the lenses of the eyes as well as in the retinal pigmented epithelium (Fig. 5.3).
As with zinc, the methacrylate preserved sections had slightly higher selenium concentrations in
the lenses, although the selenium in the brain and in the whole section was higher for
cryopreserved (Fig. 5.4). No differences in head sections were found to be statistically
significant.

In the trunk sections, selenium fluorescence was noticeably fainter in methacrylate
sections when displayed on the same scale as cryopreserved (Fig. 5.5). Distribution of selenium
in the cryopreserved XFI image appears to be diffuse throughout the trunk section, with notable
accumulation in the pigment spots located along the midline of the section as well as dorsally and

ventrally. Accumulated selenium in pigment spots was visible using both methods.
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Quantitatively, selenium concentrations were significantly higher in cryopreserved sections in the
whole sections when compared to methacrylate embedded sections (Fig. 5.6). Selenium
concentrations in the liver and the kidneys were increased in cryopreserved compared to
methacrylate preserved, and while not statistically significant the differences approached
significance (p=0.064 and p=0.056, respectively). In both methods, average concentrations of
selenium in liver, kidneys as well as whole sections were very similar, approximately 2 ng/cm? in
cryopreserved and 1 ng/cm? for methacrylate preserved, indicating that most of the selenium

present in the section is found in these two organs.

5.5.6 Sulfur

When examining the sulfur XFI images of the head sections the distribution pattern
appears similar (Fig. 5.3), with sulfur accumulating in high concentrations in the lenses of the
eyes in both methods. The quantity of sulfur visually appears to be nearly equal in these two XFI
images, but quantitative analysis (Fig. 5.4) showed that sulfur concentrations were significantly
higher in the brain (*p < 0.05) as well as the whole section (*p < 0.05) when cryopreservation
was utilized rather than methacrylate embedding. The quantity of sulfur present in the lenses was
not significantly different between methods.

In the trunk sections, while the overall distributions of sulfur look similar, the greater
concentrations of sulfur in the cryopreserved image is apparent based on the colour scale (Fig.
5.5). Indeed, sulfur quantification (Fig. 5.6) revealed a significant difference in sulfur
concentrations in the whole trunk sections between methods (*p < 0.05). Accumulation appears
ubiquitous throughout both, with obvious accumulations occurring in the liver, kidneys, somatic
muscle as well as the gut tube. An interesting pattern of accumulation is seen in the brain, with
what appears to be a higher concentration of sulfur in the exterior brain tissue with sulfur present
at a lower concentration in the interior brain tissue. Sulfur concentrations in liver and kidneys
were higher in cryopreserved trunk tissues compared to methacrylate embedded, but not
significantly so.

5.5.7 Potassium

Of all the elements studied, potassium provides the most striking case of differences
between preservation methods in the head section, with the dramatic loss of potassium in the
methacrylate XFI image compared to its cryopreserved counterpart (Fig. 5.3). Potassium is found

in significantly higher concentrations in the cryopreserved sections in the brain (*p < 0.05), the
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Figure 5.5: X-ray fluorescence images of trunk sections of 5 dpf larval zebrafish exposed to 0.2
UM MeHg-L-Cys and subsequently preserved in methacrylate (right columns) or cryopreserved in
OCT media (left columns). Concentrations and distributions of various elements (ug/cm?)
including zinc, calcium, selenium, copper, sulfur, iron and potassium are compared between the
two preservation methods. Images are scaled to the concentration present in the cryopreserved
image to emphasize similarities or differences in concentration when present. Colour bar

indicates maximum concentration of each element present. Scale bar is 50 pum.
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Figure 5.6: Quantitative analysis of trunk sections of larval zebrafish X-ray fluorescence images.
Mercury, selenium, sulfur, zinc, calcium, copper and potassium were all quantified in the image
in its entirety as well as in target organs including the liver and the kidneys. Treatment groups
included MeHg-L-Cys, cryopreserved (pink bars) and MeHg-L-Cys, methacrylate preserved
(green bars), respectively. Significant differences in the concentration of each element present
(ug/cm? or ng/cm?) between preservation methods are indicated as (*p < 0.05, **p < 0.001, ***p

< 0.001) as determined by two sample unpaired t-test. Error bars indicate + SD.
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lenses (*p < 0.05) and in the whole head section (**p < 0.001) compared to the methacrylate
preserved zebrafish larvae (Fig. 5.4). The highest concentration of potassium was found in the
brain at approximately 125 ng/cm?.

In the trunk sections, accumulations of potassium in methacrylate embedded sections
appeared non-existent compared to cryopreserved when placed on the same scale (Fig. 5.5), as
was seen in the head sections. Potassium in the cryopreserved XFI image was present throughout
the entire section, with hotspots of potassium apparent in dorsal, midline and ventral pigment
spots. Concentrations of potassium were significantly greater than those found in methacrylate
sections (Fig. 5.6) for both the whole image (**p < 0.001) as well as the kidneys (**p < 0.001).
Liver concentrations were not found to be significantly different, although concentrations found
in cryopreserved were greater than in methacrylate embedded. Lack of significance is presumed

to be due to the high variability found in these sections.

5.5.8 Calcium

Calcium was also strongly affected by preservation method. In the cryopreserved head
section (Fig. 5.3) calcium is visible distributed across the image in its entirety, with an apparent
“hotspot” in what might be the trabecular bar, cartilage of the chondrocranium. A high
concentration of calcium is also found in the retinal pigmented epithelium which is visible in
both methods. In the methacrylate section, calcium is no longer apparent in the brain or in any
other part of the image besides the retinal pigmented epithelium. The speckling present on the
image is presumed to be debris. Fig. 5.4 shows that although visually dimmed in the XFI image
by the high concentrations found in discrete locations within the head section, the brain contains
substantial calcium, averaging approximately 330 ng/cm? in the cryopreserved section. Here we
see significant differences between the two methods (*p < 0.05), with the methacrylate section
averaging less than 40 ng/cm?. Increasingly significant differences were also seen between
cryopreserved and methacrylate sections in the lenses (**p < 0.001) as well as in the head section
in its entirety (***p < 0.001).

In the trunk sections, calcium distributions appeared similar between methods, however
the cryopreserved XFI image had more intense fluorescence than the methacrylate embedded
(Fig. 5.5). Calcium was prominently accumulated within the dorsal, midline and ventral pigment
spots in both methods. As with the methacrylate head section XFI image, the methacrylate

preserved trunk section XFI image appeared to be speckled with debris. Quantified calcium
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concentrations were significantly greater in the kidneys as well as the livers of cryopreserved
compared to methacrylate (*p < 0.05). No significant difference was found between whole trunk
section concentrations, although the concentrations found in cryopreserved were greater (Fig.
5.6). Calcium in the pigment spots visually appeared stronger in the methacrylate section
compared with the cryopreserved, whereas in the zinc they appeared comparable. Pigment spots
could not be quantified reliably due to their shape and variable appearance in the images. The
whole section concentration measurements of calcium may be dominated by isolated strong

spots, such as is seen in the cryopreserved calcium map.

5.5.9 Copper

Copper distribution in the methacrylate head section is barely visible when put on the
same scale as the cryopreserved section (Fig. 5.3). As well, the distribution pattern has changed,
with much of the copper in the cryopreserved section localized to the lens compared to existing
primarily within the retinal pigmented epithelium in the methacrylate preserved section. A two
sample, unpaired t-test showed a significant difference in the copper present in the retinal
pigmented epithelium between preservation methods (**p < 0.001, data not shown),
demonstrating that the distribution change is real and not simply dimmed due to higher
concentrations of copper seen elsewhere in the image. For both cryopreserved and methacrylate
embedded head sections, the copper distribution was not uniform throughout the section but
highest in the lenses and then nearly equal in the brain and whole quantified section (Fig. 5.4).
The lenses of the eyes of the cryopreserved zebrafish larvae contained the highest copper
concentration, approximately 25 ng/cm? compared to all other target organs which averaged
around 4-8 ng/cm?. Fig. 5.4 shows that copper concentrations were higher in cryopreserved
sections in all areas of the section measured, but with no significant differences found between
the two methods. However, significance was approached in whole head sections (p=0.076),
lenses (p=0.062) and brain (p=0.076).

Distribution of copper in the cryopreserved trunk section was clearly highest in the liver
while still present in lower concentrations throughout other parts of the anatomy present in the
trunk section (Fig. 5.5) and overall was higher in concentration than seen for copper in the head
section. The corresponding methacrylate XFI image had lower fluorescence throughout without
any obvious target organs except perhaps being slightly higher in the liver as well. Quantitatively

(Fig. 5.6), copper concentrations were significantly higher in the livers of the cryopreserved

127



sections (***p < 0.001), while approaching significance in the kidneys (p=0.056) and the whole
section (p=0.064). Copper concentrations were nearly uniform in trunk sections with liver,
kidneys and the entire quantified section all averaging similar concentrations within preservation

method, indicating that most of the copper present in those sections resides in those two organs.

5.5.10 Iron

Iron distributions were more visible in the cryopreserved head section compared to the
methacrylate sections (Fig. 5.3). Iron appears to be present diffusely throughout the anatomy of
the section with a slight accumulation within the dorsal pigment spot present in the
cryopreserved. Head sections of both preservation methods exhibit have numerous spots of debris
obscures features in the rest of the section. Since these debris spots are not directly correlated
with anatomy, the quantitative analyses of organs and whole sections was highly variable and is
not included in Fig. 5.4.

In the trunk sections, iron localizations appeared similar in the XFI images of both
preservation methods (Fig. 5.5). The low intensity of the fluorescence indicates lower iron
concentrations which are diffuse throughout, with no intense accumulations in any specific area
of the section. Similar to the head sections, debris spots complicated quantification, which was
not further pursued for this element.

5.5.11 Comparison and implications

Fig. 5.7 summarizes the comparison in quantitation between fixed and frozen treatments
for all the tissues examined. Each element is displayed in a different colour, with quantitation of
brain, lens, liver, kidneys, head section and trunk section shown as the six points. The diagonal
gray solid line indicates equivalency between the two methods of measurements. Points which lie
below this line show lower values in the methacrylate sections compared with the frozen sections.
Successive broken diagonal lines indicate where the methacrylate values constitute 50%, 10%
and 1% of frozen values.

Fig. 5.7 clearly demonstrates the differential impact of methacrylate preservation on some
of the elements. Mercury is least impacted, with essentially all points lying on the line of
equivalency within the error bars. Sulfur, selenium and zinc follow with lower impact; some
points show equivalent levels in the two methods, but others lie closer to the 50% line. Calcium

and copper are severely impacted, falling between 50% and 10% of the cryosection values.
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Figure 5.7: Summative plot of quantitative analysis of zebrafish larval sections. Values from the
quantitative analyses of Fig.5. 4 and Fig. 5.6 are plotted with values from methacrylate embedded
sections on the ordinate and those from the cryopreservation on the abscissa. Both axes show
areal concentrations in units of pg/cm? on a log scale. For each element, which is coded by
colour, the six points correspond to mean areal concentrations in eye lens, brain, liver, kidneys,
and whole head and trunk sections. The use of error bars as a visual guide of uncertainty is
important, but because the + one standard deviation (o) crosses zero these cannot be used in our
log-log plot. Both gamma and log-normal distributions are asymmetric close to zero and to
reflect this we have used asymmetric error bars of — 6/2 to + o, which is a reasonable
approximation for a gamma probability distribution function. The solid diagonal line corresponds
to equivalent values for both preservation methods. Dashed diagonal lines indicate when the

fixed values are 50, 10 and 1% of the frozen values.
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Finally, potassium shows the most dramatic differences in the methacrylate preservation,
essentially between 10% and 1% of the levels in the cryosections.

Methacrylate embedding is an involved technique which requires many steps, each of
which may cause leaching or changes in distribution of mobile elements within tissue. To date,
information on the effects of methacrylate embedding on elemental quantities or distributions is
extremely limited, while literature on effects of formalin-fixation is vast. The first step of
methacrylate embedding, however, is immersion in 4% paraformaldehyde for a minimum of two
hours. Paraformaldehyde, HO(-CH.0O-),CH2OH, is an oligomeric (n~8) or polymeric (n>100)
form of formaldehyde that will spontaneously and reversibly form from hydrated formaldehyde
(methanediol, H.C(OH)2) with elimination of water. Paraformaldehyde solutions fix protein
containing tissues through the equilibrium formation of methanediol in solution, which will cross
link proteins by reacting with nitrogen groups (e.g. those of lysine, arginine and histidine
residues) irreversibly forming methylene linkages between them (=N—CH,—N=).2% Identical
chemistry is responsible for formaldehyde fixation, and very similar cross-linking reactions occur
with glutaraldehyde fixation. Thus, similar chemical and physical processes are responsible for
the initial steps of both methacrylate embedding and formalin fixation and some cautious
parallels may be in order.

We were especially interested in the potential effects on mercury, as research focussing
on mercury has previously utilized the methacrylate embedding technique due to it being an
established technique in histology with impeccable preservation of anatomy.?* Here we observed
that the differences in mercury concentration compared between cryopreserved and methacrylate
embedded head sections (Fig. 5.2A, B) and their respective trunk sections (Fig. 5.2C, D) are very
small and non-significant (p > 0.05). In addition, the distribution patterns for mercury are
essentially invariant, being found in high concentrations in the lens of the eye and the brain as
well as in the liver, kidneys, somatic muscle and gut tube in the trunk sections. We attributed the
fact that mercury is unaffected by this embedding technique compared to cryopreservation that
the mercury is relatively immobile once absorbed into all the tissues considered. Indeed, this has
been seen in other research. Early work by Bush et al.?? noted no detectable changes in various
elements including mercury in brain, kidneys, liver, heart, bone, and muscle tissue from autopsy
studies where half of the tissue was fresh and analyzed immediately and the other half of the

tissue being preserved in formalin and then analyzed at both six and twelve months later. More
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recently, Gellein et al.?® reported that leaching of mercury, silver, nickel and lead from human
brain tissue samples preserved in formalin into the formalin in which they were preserved was
minimal when compared the concentrations of these very same elements in fresh, unused
formalin solutions. Other research?® has examined the concentration of mercury within rat brain
tissue between three treatment groups that had been exposed to mercury and then either frozen
directly after being sacrificed, perfused with saline and then frozen, or perfused with saline and
then fixed. The treatment group that was frozen directly after sacrifice was determined to have a
significantly higher amount of total mercury than the other two groups (p < 0.05). They attributed
this higher concentration of mercury with the mercury present in the trapped blood due to lack of
perfusion and to the fact that rats have a higher accumulation of organic mercury in the blood
than other species.

XFI images of both head and trunk sections with corresponding quantifications
highlighted some interesting differences in elemental localizations and quantities between
preservation methods. Whether significantly different or not, elemental quantities of mercury,
selenium, sulfur, zinc, calcium, copper and potassium were lower in almost every part of
methacrylate embedded trunk tissue compared to that of the cryopreserved. As the
cryopreservation technique utilized here is considered to be excellent in maintenance of
biological elemental profiles, these values are assumed as near as possible to what was present at
the time of euthanization. Some of these results contrast with what is has been seen in the
literature regarding differences between cryopreservation and formalin fixation which is an
increase using the latter method in copper, zinc, calcium or aluminum among others resulting
from presumed metal contamination from the formalin fixation process.*>?227-2% Other, more
recent work observing possible leaching effects of numerous trace and toxic elements in
formalin-fixed and frozen dolphin tissue noted increased concentrations of copper and zinc in
frozen compared with formalin-fixed tissues.>® Head sections herein demonstrated slight
increases in mercury, selenium and zinc in the lenses of the eyes of the methacrylate embedded
sections (Fig. 5.4); while contamination may be responsible for the increase in zinc, it seems
unlikely to be the case for mercury or selenium. A different suggestion for the variation in
mercury, selenium and zinc is that the lenses show substantially higher concentrations of these
elements than other tissues, and also present a much smaller volume than other tissues surveyed;

the tearing which is apparent in the cryopreserved sections (Fig. 5.1) may contribute to the
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quantitation being slightly low in these small, high concentration areas. Alternatively, these
increases might be attributable to redistribution due to the embedding process, in which elements
mobilized from other tissues have an affinity for this tissue, but if so the effect is minor.

Excellent work has been done using PIXE and FTIR to compare formalin-fixed murine
brain tissue to fresh cryofixed which saw increases in calcium, iron, copper and zinc in formalin-
fixed tissues.'® Metal contamination was attributed to the fixative process. These authors also
reported OCT media containing copper concentrations comparable to those found in standard
phosphate-buffered formalin solution but noted OCT media will not penetrate the brain tissue due
to its hydrophilic nature, and therefore not result in contamination. As well, Pushie et al.** noted
that methacrylate embedding materials contain elements of low atomic number which would not
affect an experiment done in the energy range that these experiments were completed in. Copper
was not seen to be increased in the brain tissue of any sections measured, or indeed in any other
anatomy measured herein.

Leaching of soluble ions of potassium, chloride and sodium after formalin fixation has
been reported many times in the literature, and, as discussed above, similar effects are expected
in the initial stage of the methacrylate embedding. The substantial concentrations of potassium
present in XFI cryopreserved sections was in stark contrast to the complete lack of potassium in
the methacrylate XFI sections, like that seen in formalin-fixation. This effect is clearly seen in
potassium maps in Fig. 5.3 and Fig. 5.5. Sulfur was also seen to be significantly lower in brain
tissue, as previously observed for formalin-fixation of murine brain®® which is consistent with its
presence in leachable forms such as in glutathione. However, the observation that there was no
significant change in sulfur levels in the eye lens in consistent with sulfur being present in
unleachable species. Calcium in bone and associated tissues, as well as calcium existing as Ca®*
ions which are important in a great number of biological processes are, like K*, expected to wash
out easily. This is substantiated by the visual distributions in the sections, in which small, high
concentration areas are observed in the methacrylate embedded sections whereas the broad, low-
level distribution of calcium seen in the cryopreserved sections is greatly reduced. The natural
heterogeneity of calcium’s distribution contributes to the larger error bars in this case.

No element measured herein demonstrated a complete lack of change in either elemental
quantification or distribution between preservation methods, significant or otherwise. There is a

large amount of literature regarding alteration of elements due to formalin fixation of tissues
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compared to frozen tissue, but a lack of information regarding comparisons of frozen tissue to
tissue which has been embedded in methacrylate or other resin-type materials, and none specific
to zebrafish. Acrylic resins are ideal for XFI studies of elemental analyses due not only to the
impeccable conservation of anatomical features for histological analyses but also due to their
rapid polymerization, colourless block formation, ease of sectioning thin sections (< 10 um),
stability in an electron beam3! and apparent lack of metal contamination compared to formalin-
fixed tissue. Thus, if the intent is to measure quantification and distribution in mercury alone,
along with histology, the methacrylate embedding method appears to be more appropriate.
However, if the purpose of the research is to estimate elemental quantities other than mercury,
potential for leaching of selenium, sulfur, zinc, calcium, copper and potassium, which may also
be specific to tissue sub-type, must be considered. Cryopreservation is highly regarded for its
maintenance of biological elemental profiles and lack of extraneous elemental contamination
which is the most ideal for studies which involve research on dynamics or quantification of
specific elements in situ. However, the authors acknowledge that fresh frozen tissue is not always
available, especially for autopsy samples, and that formalin-fixed and other resin-embedded
tissues are essential for storage of samples over long periods of time.

When planning an experiment, emphasis needs to be placed on what the specific needs
from the preservation technique are in order to determine which method will assist in achieving
research goals. This work demonstrated that when analyzing mercury fluorescence and
performing subsequent quantifications, methacrylate embedded sections work as well as
cryopreserved; however, as samples are typically analyzed within months of experiment
completion, and histological information is not necessarily pertinent to the experimental goals,
the excellent anatomical preservation provided by methacrylate embedded sections could be
sacrificed in favour of achieving the most accurate possible elemental compositions and
distributions which is a hallmark of cryopreservation. As ever, forward thinking and good

decision-making in experimental design is an integral part of the scientific process.
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CHAPTER 6: EXPLORING THE ROLE OF L-SYSTEM TRANSPORTERS (LAT) IN THE

UPTAKE OF ORGANOMETALLIC MERCURY IN LARVAL ZEBRAFISH

6.1 Preface

The research in Chapters 3 and 4 focussed on speciation of mercury and selenium in a
variety of brain tissue samples. Not considered in the aforementioned chapters was how
organometallic species of mercury cross the highly regulated blood-brain barrier to exert their
toxicity. The research herein Chapter 6 stemmed from discussions regarding the currently
accepted mechanisms of transportation of methylmercury within the human body, and how those
concepts might be explored using the same zebrafish model organism which was utilized in
Chapters 5 and 7.

Here, larval stage zebrafish were exposed to methylmercury- L-cysteine alone or in
combination with a variety of compounds which ultimately inhibited transportation into target
organs and resulted in increased survival. As well, comparisons were made between p- and -
enantiomers of methylmercury, with results indicating that transporters of methylmercury may
not be entirely stereoselective.

This chapter is currently being prepared for submission to Metallomics.
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6.2 Abstract

Transportation of methylmercury compounds has long been attributed to L-system
transport, specifically via LAT1 and LAT2. This has been studied in vivo and in vitro using
various substrates and inhibitors of LAT. Here, the effects of disturbing LAT transport on organ
specific accumulations of mercury were investigated using X-ray fluorescence imaging (XFI).
Zebrafish (Danio rerio), a well-described vertebrate model organism, were exposed to
methylmercury-L-cysteine alone or in conjunction with various LAT blockers, or to
methylmercury-p-cysteine, to determine whether survival and mercury accumulations in target
organs would be affected. A drastic increase in survival in larvae exposed to methylmercury-c-
cysteine co-exposed with various LAT blockers was observed when compared to treatment
groups exposed to methylmercury-L-cysteine alone. Additionally, significant differences were
noted in mercury concentrations in known target organs including the eye lens and brain when
treatment groups were compared. Exposure to methylmercury-p-cysteine led to slightly lower
mercury in brain and greatly increased survival compared with methylmercury-r-cysteine
exposure; a concomitant decrease in selenium and increase in sulfur was also observed. Overall,

the study highlights the important role of LAT transporters in methylmercury uptake in vivo.
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6.3 Introduction

Organometallic compounds of mercury are known to be potent neurotoxins with the
ability to cross the blood-brain barrier (BBB).1? Of these, methylmercury compounds are the
most extensively studied, primarily due to their presence in fish and seafood products and
consequent potential health risks to humans.®® The transport and distribution of organometallic
mercury compounds was at one time thought to be due to their lipid solubility or via simple
diffusion and partitioning. It has since been hypothesized that active transport may be more
important due to coordination with biological thiolates giving products that are substrates for
endogenous amino acid transporters.”® The term molecular mimicry has been used to describe
this notion, and it has been explicitly suggested that methylmercury-L-cysteine (MeHg-.-Cys) is a
molecular mimic of L-methionine, and that this is responsible for its transport. More recent work
has quantitatively examined the molecular similarities between MeHg-L-Cys and L-methionine
and concluded that these are too dissimilar to provide a bona-fide example of molecular
mimicry,® and instead concluded the uptake is more likely due to the very broad substrate
specificity of the transporters.*°

System L transporters, specifically LAT1 and LAT2 have been postulated to be
responsible for the rapid uptake and distribution of methylmercury in target locations within the
human body such as the brain, placenta and liver cells.**-** Human amino acid transporters can be
categorized into transport families called solute carrier (SLC) families which are either sodium
dependent (SLC1, SLC6, SLC38) or sodium independent (SLC7 and SLC16) and have differing
substrate selectivities.® System L (“leucine-preferring”) transport falls under the SLC7 family
and is comprised of bidirectional heterodimeric transporters. The human System L transporter
LAT1 (L-type amino acid transporter 1), also referred to as SLC7Ab5 is a light protein monomer
comprised of 12 transmembrane segments linked to the 4F2 cell surface antigen heavy chain
(4F2hc, also known as CD98hc or SLC3A2) through a disulfide bridge.'®” LAT2 is referred to
as SLC7AS8, being of a similar structure to LAT1. LAT1 mRNA is expressed in multiple tissues
including the placenta, the brain, the spleen, testis and colon,*® while LAT2 shows highest
expression in the kidneys but is also strongly expressed in placenta, brain, liver, spleen, skeletal
muscle, small intestines and lungs.*® Both LAT1 and LAT?2 transport large neutral amino acids,
while LAT2 additionally transports some smaller amino acids including alanine and glutamine.*®

LAT1 is responsible for the transport of many large neutral amino acids across plasma
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membranes including phenylalanine, methionine, leucine, isoleucine, tryptophan, valine, tyrosine
and histidine with high affinity, as well as glutamine and asparagine with a somewhat lower
affinity.'®2° System L transporters are localized both at the luminal (blood-facing) and abluminal
(brain-facing) sides of the BBB.!! The affinity of System L for amino acids in peripheral tissues
in rats has been shown to be substantially lower than at the BBB.?1?? System A is a sodium-
dependent transport system for neutral amino acids such as alanine and proline®® and is also
located at the BBB although exclusively at the abluminal side.?® It has been shown that co-
treatment of MeHg-L-Cys or substrate L-leucine with a-methylaminoisobutyric acid (MeAlB), a
System A analog has no negative effect on the uptake of MeHg-.-Cys or r-leucine,
demonstrating that their uptake is specific to System L.

As LAT1 and LAT2 (hereafter referred to as LAT) are postulated to at least in part be
responsible for in vivo methylmercury uptake and distribution, it follows that substrates or
inhibitors of these transporters would result in a reduction in the uptake of methylmercury
compounds as well as in reduced overall toxicity. This has been studied in vivo in earlier work
employing co-administration of organometallic mercury compounds with various thiol
compounds to rats, leading to the conclusion that organometallic mercury transport involved
neutral amino acid transporters.?+-2® More recently, in vitro studies have shown MeHg-L-Cys
uptake to be inhibited when various cell types were exposed in combination with LAT specific
inhibitor 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) and/or various LAT substrates
such as L-phenylalanine, L-methionine, L-leucine, L-histidine and r-valine.7:*%27

While the effect of substrates and inhibitors on uptake and toxicity has been
demonstrated, the effect on organ- and tissue-specific distributions of mercury has not previously
been determined. We therefore turned to zebrafish (Danio rerio) which are a versatile model
organism for the developing foetus and also an established target for organometallic mercury
toxicity. Zebrafish demonstrate high fecundity with larvae that develop rapidly and have well
established laboratory breeding and maintenance protocols. Zebrafish larvae have been
extensively used to study the uptake and accumulation of mercury compounds using X-ray
fluorescence imaging (XF1).28-34

Here we report a comparison of the toxicity of MeHg-L-Cys to larval zebrafish in the
presence and absence of the LAT inhibitor BCH or the LAT substrates -phenylalanine and -
methionine, which are expected to act as competitive inhibitors of MeHg-L-Cys transport. We

142



used XFI to quantify mercury and endogenous elemental concentrations in target organs
including the lens of the eye, brain, liver and kidney of larval zebrafish following exposure to all
treatment groups. Additionally, differences in survival as well as target organ accumulations of

mercury were compared between MeHg-L-Cys and MeHg-p-Cys treatment groups.

6.4 Materials and Methods
6.4.1 Chemicals

Methylmercury hydroxide (1 M aqueous solution) was purchased from Strem Chemicals
Inc. (Newburyport, MA, USA) and used to make stock solutions of methylmercury L-cysteine as
previously described.®>*2 L-cysteine, p-cysteine, L-phenylalanine L-methionine and 2-amino-2-
norbornanecarboxylic acid (BCH) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
6.4.2 Zebrafish husbandry and breeding

Adult zebrafish (Danio rerio) were raised and maintained in a dedicated aquatic facility
kept at 22°C and run on a 14 : 10 h light : dark cycle with system water kept at 27.5°C. Fish were
fed a mixed diet of Tetramin fish flakes and previously frozen shrimp and blood worms.
Zebrafish used for experimental work were of the Tubingen wildtype variety. All live animal
work was conducted in accordance with the Guidelines of the Canadian Council of Animal Care
(CCAC) and approved by the University of Saskatchewan’s Ethics Board.

Adult zebrafish mates were conducted in breeding tanks which were separate from rearing
tanks. A 2:1 female-to-male ratio was used for maximal breeding success, with dividers
separating genders throughout the night until the beginning of the light cycle when dividers were
removed. Resulting embryos were collected the later the same day and raised to 3 days post-
fertilization (dpf) in Petri dishes containing embryo media®* which was changed daily and with
daily removal of debris including empty chorions and dead embryos.

6.4.3 Experimental set-up

Experimental groups included a system water control, three individual LAT inhibiting
groups (100 uM BCH, 100 uM r-phenylalanine, 100 uM r-methionine), two methylmercury
exposure groups (0.2 uM methylmercury r-cysteine and 0.2 uM methylmercury-p-cysteine) and
three experimental groups consisting of each LAT blocker in combination with methylmercury -
cysteine using the concentrations listed above. All stock solutions were prepared in deionized

water (Millipore).
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Larval zebrafish exposures began at 3 dpf, the time-point at which most larvae are
hatched from their protective chorion. Each treatment group consisted of a minimum of 100
zebrafish larvae divided between five 10 cm Petri dishes (20 larvae/dish) with 25 mL of chemical
solutions changed daily. Deformities and lethalities were recorded daily with all dead embryos
and other debris removed daily. All exposures lasted 48 hours to 5 dpf upon which embryos were
euthanized using 0.2% Tricaine.

All treatments began on 3 dpf and extended to 5 dpf. Treatment solutions were changed
daily. 3 dpf is the point at which larval zebrafish hatch from their protective chorion; any larvae
remaining within the chorion on day three were manually extracted. Range-finding studies were
conducted at concentrations of 0 (control), 0.2, 1, 2, 10 and 25 pM MeHg-L-Cys. Larval zebrafish
exposed to a concentration of 1 uM and above did not survive longer than 24 hours. Given the
results of MeHg-L-Cys treatments, larval zebrafish were also exposed in a similar fashion to
MeHg-p-Cys at concentrations of 0 (control), 0.2, and 2 uM, with survival reduced to zero by 72
hours into 2 uM MeHg-p-Cys treatment. 0.2 uM was the concentration chosen for both MeHg-L-
Cys and MeHg-p-Cys experimental treatments. Mortality data was combined from exposures of
360 zebrafish in MeHg-L-Cys treatment groups and 160 zebrafish in MeHg-p-Cys treatment
groups.

After euthanization 5 dpf larval zebrafish were rinsed three times in triple distilled water
for removal of excess externally adherent mercury. They were then embedded in optimal cutting
temperature (OCT) media (Tissue-Tek) and flash frozen in a partly frozen slurry of cold
isopentane, chilled with liquid nitrogen. All frozen larvae were stored at -80 °C until sectioning.
Relevant anatomy including both the zebrafish head (containing both the fore-brain and eye lens)
and trunk (containing the liver, yolk sac and pronephros) regions were collected as 10 um thick
sections using an ESBE Scientific HM550 cryostat microtome (Markham, ON, Canada). Sections
intended for synchrotron X-ray fluorescence imaging were collected on Thermanox plastic
coverslips while adjacent sections collected for histological analysis were mounted on
Fisherbrand Superfrost Plus microscope slides and stained using hematoxylin & eosin.

6.4.4 X-ray fluorescence imaging (XFI)

All X-ray fluorescence images were collected at the 7 GeV Advanced Photon Source

(APS) at the US Department of Energy’s Argonne National Laboratory on beamline 20-1D-B.

Ring current was operating at 102 mA in top-up mode. A focussed microbeam with minimal
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scatter was achieved using Rh-coated Kirkpatrick-Baez (KB) mirrors and Si(111) double crystal
monochromator. The 4-element silicon-drift Vortex® detector (Hitachi High-Technologies
Science America Inc., Northridge, CA, USA) with an optimally placed collimator responsible for
monitoring the X-ray fluorescence was located at a 90° angle to the incident beam while the
sample was mounted onto 6.3 pum polypropylene film and is located at an angle of 45° to the
incident X-ray beam.? The sample was continuously raster scanned at an energy set to 13 450 eV
so as to be just below the bromine K-edge, since bromine is present at trace levels in many
plastics, while also allowing for monitoring of Hg Lay 2 and other elements of interest. Images
were collected with a beam size of 5 um x 5 um and dwell time of 600 milliseconds per pixel. X-
ray fluorescence imaging data was analyzed using the program SMAK software using established
procedures.?® All statistical analyses on X-ray fluorescence images and mortality data were
carried out using GraphPad version 8.4.3. Between three and seven head section X-ray
fluorescence maps were collected per treatment group. Trunk sections can be seen in Figure C.6.1
(Appendix C) as constraints on allotted beamtime necessarily allowed for a maximum of one

replicate for each LAT treatment group.

6.4.5 Computational chemistry

Density function theory (DFT) calculations employed DMol?® and visualized with Biovia
Materials Studio Version 2018 R2, and Biovia Discovery Studio 2016.%>% Calculations
employed the meta-GGA approximation, with the hybrid M11-L functional®” for the self-
consistent field procedure and for the energies. Double numerical basis sets were used, including
polarization functions for all atoms, with all electron core treatments for all atoms. The M11-L
functional is specifically designed to accurately model weak intermolecular interactions, and
hence is useful for proteins and other biological molecules.
6.5 Results and Discussion
6.5.1 Survival studies of MeHg-z-Cys and MeHg-p-Cys

Initial toxicity tests, including monitoring of mortality and deformities, of each compound
used were conducted prior to survival studies. Signs or deformities commonly observed prior to
mortality included lethargic or moribund behavior, edema, and spinal disturbances including
lordosis (pronounced downward curvature) and kyphosis (pronounced upward curvature of the

spine). LAT substrates L-phenylalanine and L-methionine and LAT inhibitor BCH were not
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predicted to be toxic to larval zebrafish and indeed, no mortality, deformities or adverse signs
were observed with these compounds at 0 (control), 25, 50, 100 and 200 puM.

Fig. 6.1 highlights the survival of larval zebrafish at 24 and 48 hours of exposure. Clearly
seen is the reduced survival of zebrafish in the MeHg-L-Cys treatment group at 48 hours in
comparison to all treatment groups which included both MeHg-L-Cys and either a LAT substrate
or inhibitor. At the 48 hour time point, larvae in all LAT substrate treatment groups were visibly
healthier than in treatment groups with MeHg-L-Cys alone, although some larvae did exhibit one
or more of the adverse signs listed above. Statistically significant differences were determined
using one-way ANOVA followed by Tukey’s multiple comparisons test. Significant differences
in survival were noted between MeHg-.-Cys treatment group and control group as well as
between MeHg-L-Cys and each of the LAT treatment groups (***p > 0.001). Other work has
noted similar results, with a co-exposure of MeHg-L-Cys and L-methionine resulting in increased
rates of eclosion (an indicator of development into adulthood) in the Drosophila model organism
when compared to treatment groups of MeHg-L-Cys alone.®

Significant differences in survival were also seen between two different forms of
organometallic mercury, MeHg-.-Cys and MeHg-b-Cys (***p > 0.001) as noted in Fig. 6.2.
Strikingly similar to what is seen in Fig. 6.1, where survival of zebrafish remains high in
treatment groups of MeHg-L-Cys in combination with various LAT inhibitors at the 48-hour
exposure time point compared to MeHg-L-Cys alone, the treatment group of MeHg-p-Cys alone
also resulted in increased survival compared to its enantiomer, MeHg-L-Cys. Indeed, survival in
MeHg-p-Cys treatment group continued until euthanization at 7 dpf, while MeHg-L-Cys
zebrafish did not survive past 5 dpf.

6.5.2 Co-exposure of MeHg-2-Cys with LAT blockers decreases mercury accumulation

XFI1 experiments showing the accumulation and distributions of mercury, zinc, selenium
and sulfur in head sections of all treatment groups including control (A), 0.2 uM MeHg-L-Cys
(B), 0.2 uM MeHg-p-Cys (C), 0.2 uM MeHg-L-Cys + 100 uM BCH (D), 0.2 uM MeHg-L-Cys +
100 uM r-phenylalanine (E) and 0.2 uM MeHg-L-Cys + 100 uM r-methionine (F) are seen in
Fig. 6.3. This figure highlights one individual replicate from each group. Head section XFI
mercury images in Fig. 6.3 are all scaled to MeHg-L-Cys treatment (B) for visual comparison of

differences in uptake of mercury as a result of various treatment groups (C-F). The colour bar in
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Figure 6.1: Percent survival of larval zebrafish in multiple treatment groups including 0.2 uM
MeHg-L-Cys alone and in combination with 100 uM of LAT inhibitor BCH or LAT substrates -
phenylalanine and L-methionine in comparison with no-treatment control. Exposure to various
chemical treatments occurred for a total of 48 hours with chemical solutions changed every 24
hours. Survival is denoted as a percentage with errors bars representing standard deviation. Note
the reduced survival in MeHg-L-Cys at 48 hours compared to treatment groups at the same time
point which also contained a LAT transport inhibitor or substrate. Significant differences in
survival were noted between the MeHg-L-Cys treatment group and other treatment groups (*0.01
>p<0.05, **p <0.001, ***p > 0.001) using one-way ANOVA followed by Tukey’s multiple
comparisons test.
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Figure 6.2: Comparison of effects of MeHg-L-Cys and MeHg-p-Cys exposure on survival of
larval zebrafish. Zebrafish were exposed to treatments of 0.2 uM MeHg-L-Cys or 0.2 uM MeHg-
p-Cys from 3 to 7 dpf. Note that survival in MeHg-L-Cys falls to zero after 48 hours while
survival in MeHg-bp-Cys remains high. Significant differences in survival are seen between
MeHg-.-Cys and both control and MeHg-p-Cys groups at 48 hours and beyond (***p > 0.001)
determined using one-way ANOVA followed by Tukey’s multiple comparisons test.
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each row indicates the maximum elemental concentrations for mercury, selenium, sulfur and zinc
found in the zebrafish larvae in the MeHg-L-Cys treatment group (B) in units of areal density
(ug/cm?). Here it is easy to visualize the classical uptake pattern of organometallic mercury into
the outer layer of the eye lens, which has been seen in previous work on zebrafish larvae.?®% It
can also be seen that treatment groups containing a competing LAT substrate have a smaller
accumulation of mercury in the eye lens, seen in the figure as a cooler colour vs. a warm, red-
toned colour (Fig. 6.3C-F vs. Fig. 6.3B). The same effect is also observed in the brain, although
the differences in concentration in the brain in Fig. 6.3 are not as visually dramatic due to the
contrast with much greater accumulations in the eye lens.

To quantify the comparison between treatments, the levels of mercury in the whole image
and specific areas of the eye lens and brain were determined; data presented in Fig. 6.4 (Hg
panel). Fig. 6.4 shows average concentrations of mercury in the sections of a minimum of three
different zebrafish larvae. Exposure to MeHg-L-Cys resulted in the highest level of mercury
accumulation among all examined conditions (Fig. 6.4, Hg panel). Mercury levels in the whole
head section and specifically in eye lens and the brain, are significantly decreased in the case of
co-exposure of zebrafish to MeHg-L-Cys and BCH and L-phenylalanine as opposed to exposure
to MeHg-L-Cys alone, with the difference being statistically significant (Fig. 6.4, Hg panel).
Interestingly, co-exposure of zebrafish to MeHg-L-Cys and r-methionine lead only to a slight
and statistically insignificant decrease in mercury level in the head section of zebrafish (Fig. 6.3,
Fig. 6.4 Hg panel), even though presence of L-methionine provided the same protection against
MeHg-L-Cys toxicity as L-phenylalanine and BCH, at least within the time frame of our
experiment.

Consistent with the lower observed toxicity of MeHg-p-Cys compared to MeHg-L-Cys
discussed above (Fig. 6.2), exposure to MeHg-b-Cys resulted in a lower mercury burden in the
whole head section compared to MeHg-L-Cys exposure, although the decrease was not
statistically significant (Fig. 6.4, Hg panel). Interestingly, the largest difference was observed in
the brain, potentially indicating that the presence of p-cysteine decreases the ability of mercury to

cross the blood-brain barrier.
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Figure 6.3: X-ray fluorescence images of elemental distributions of mercury, sulfur, selenium and
zinc in head sections of 5 dpf larval zebrafish which have been cryopreserved and sectioned at 10
pum. Treatment groups are as follows: (A) control, (B) MeHg-.-Cys, (C) MeHg-p-Cys, (D)
MeHg-L-Cys + BCH, (E) MeHg-L-Cys + L-phenylalanine, (F) MeHg-L-Cys + L-methionine.
Color bar represents the areal density scale and indicates the maximum value (pug/cm?) common
to all the images in each row, corresponding to each element. The MeHg-L-Cys (B) treatment was
chosen for the common intensity scales in order to compare differences in Hg and the effect on
other elements as a function of the different treatments (A, C-F). Scale bar of 50 um is denoted

for reference.
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Figure 6.4: Quantification of mercury, selenium, sulfur and zinc in head sections of larval
zebrafish derived from XFI images. Treatment groups A-F are the same as indicated in Fig. 6.3:
(A) control, (B) MeHg-L-Cys, (C) MeHg-p-Cys, (D) MeHg-.-Cys + BCH, (E) MeHg-.-Cys + -
phenylalanine, (F) MeHg-L-Cys + L-methionine. Values given in units of pg/cm? represent the
average concentrations of mercury, selenium, sulfur and zinc present in each tissue type after
exposure to various treatments or control. Significant differences in mercury concentrations were
determined between MeHg-L-Cys (*p < 0.05, **p <0.001, ***p > 0.001) and all other treatment
groups as well as between MeHg-p-Cys (°p < 0.05, **p < 0.001, *™*p > 0.001) and all other
treatment groups using one-way ANOVA followed by Tukey’s multiple comparison post-hoc

test.
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6.5.3 MeHg-z-Cys exposure protects zebrafish from selenium depletion

Selenium is a known regulator of mercury toxicity.3*42 Mercury compounds are known to
have very high affinity to selenols and selenides, which leads to formation of biologically
inactive mercury-selenium complexes and decreases mercury toxicity. Thiols and sulfides also
have high affinities for mercury, although lower than corresponding selenium compounds.
Because of the known interactions between mercury, selenium and sulfur, we quantified levels of
selenium and sulfur in addition to mercury levels in zebrafish (Fig. 6.4, Se and S panels). Zinc
concentrations were also quantified (Fig. 6.4, Zn panel), as zinc fluorescence occurs diffusely
throughout zebrafish head sections and more strongly in specific structures, allowing for ease of
visualization of whole sections. Concentrations of zinc were observed to be significantly higher
in MeHg-p-Cys exposures when compared to MeHg-L-Cys exposures in whole head sections and
compared to control groups in eye lenses (Fig. 6.4, Zn panel).

Previously we reported that exposure to mercuric chloride and methylmercury chloride
leads to selenium depletion, specifically in the brain of zebrafish larvae.*® In this study
methylmercury exposure was performed with MeHg-L-Cys instead of methylmercury chloride;
strikingly, MeHg-L-Cys exposure does not result in significant depletion of selenium in zebrafish
larvae head sections nor does it alter the level of selenium in the brain (Fig. 6.4, Se panel). This
finding suggests that the presence of an extra source of sulfur (-cysteine) may protect the
organism from selenium depletion, which is underscored by the increase in selenium levels after
co-exposure to MeHg-L-Cys and L-methionine (Fig. 6.4, Se panel). Interestingly, only L-forms of
sulfur containing amino acids appear to grant protection against selenium depletion; exposure to
MeHg-p-Cys leads to depletion of selenium comparable to that observed after HgCl, exposure.*®

6.5.4 Fit within the LAT active site of MeHg-z-Cys and other LAT substrates

LAT substrates and analogs have been shown to be effective in reducing uptake of
endogenous substances such as L-leucine but also in reducing uptake of MeHg-L-Cys, which is
currently assumed to utilize System L transport to wreak toxic havoc on various target organs
such as the brain and liver within the human body. Recent cryogenic electron microscopy (cryo-
EM) work has given insights into the molecular structure of LAT1/CD98hc.® This work gives
first clues as to the structure of LAT1, but has limited resolution. Fig. 6.5 shows one of the raw

cryo-EM maps of Yan et al.,*® which serves to illustrate some of the resolution limitations, but
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nevertheless, clearly shows LAT1 as a bundle of alpha-helices (bottom of figure) in complex with
the 4F2hc (SLC3AZ2) cell-surface antigen heavy chain (top of figure).

Yan et al.'® have successfully resolved the overall polypeptide fold, and have
approximately located the inhibitor BCH within the active site. The structure, shown in Fig. 6.6 is
comprised of a bundle of alpha-helical regions with a large central channel, which are thought to
penetrate the cell membrane. The interior of the channel comprised of the alpha-helical bundle
contains a large number of amino acid residues which are conserved between different species.
BCH was observed to be located within the alpha-helical tract, which is thought to serve to
transport the amino acid substrates across the cell membrane. We have used computational
chemistry to examine the structure of the BCH binding site and whether various substrates
including: MeHg-L-Cys, MeHg-p-Cys, L-methionine, L-leucine, and L-phenylalanine fit into this
part of the active site channel. In order to conform to the experimental structure of Yan and
coworkers,® the polypeptide backbone was restricted to coordinate locations that were deposited
in the protein data bank. Appropriate protons were added and density functional theory geometry
optimizations were used to examine the fit of different substrates at the BCH binding location,
with the locations of the amino acid side chains and substrate being subject to no constraints or
restraints.

Refinement of the BCH-bound structure suggested a small translation from the
experimentally obtained position, which given the limitations of the experimental data (Fig. 6.5)
is not surprising (not illustrated), and we conclude that our computational results are consistent
with the structure of Yan et al.*® All of the amino acid substrates that were tested fit well into the
BCH binding site, which includes the alternative organometallic mercury compound a-mercuri-
acetaldehyde (Chapter 3, not illustrated). We note that comparing the relative binding energies
for different substrates is not simple. Density functional theory computes total energies — which
correspond to the energetic difference between the energy of geometry-optimized structure and
the energy in which all nuclei and electrons are removed to infinity. However, comparison of
energies for different enantiomers is a simple matter, and because of the possibility of transport
of the p-enantiomers, we compared the relative energies of L- and p- substrates. This is shown in
Table 6.1. Perhaps surprisingly, in the case of each compound, the geometry-optimized p-

enantiomer was energetically preferable to the L-enantiomer (Table 6.1).
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Figure 6.5: Raw cryo-EM map of human LAT1 (SLC7A5) amino acid transporter.'® The raw
map illustrates the limited resolution of some cryo-EM structures. (Source:
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-0678, visualized with UCSF Chimera v1.14).
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Figure 6.6: Visualization of the LAT1 complex and binding sites. a) Overall structure of the
LAT1 complex, incorporating the geometry optimized BCH binding sites of the active site
channel (see Section 6.4.5). b) Detail of the region indicated by the broken line rectangle in a,
with MeHg-L-Cys in the BCH binding site with the polypeptide chain being rendered transparent
to reveal the active site binding. Selected amino acid residues are labelled. All protein protons

have been hidden to simplify the structure.
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Table 6.1: Energy difference between - and p-enantiomers of methylmercury-r-cysteine and
LAT substrates bound to BCH active site.

Substrate Energy change (L-p) (kJ-mol™?)
MeHg-Cys 36.8
Methionine 68.9
Phenylalanine 26.4
Leucine 35.8

The table shows the energetic differences between geometry optimized energy-minimized
structures with the - and p- enantiomeric substrates bound in the site observed for BCH binding.
Coordinates of the polypeptide backbone were constrained to the locations reported from the

cryo-EM structure.
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For example, the binding of MeHg-p-Cys was energetically preferable by approximately
36 kJ mol™ and calculations suggested a somewhat different orientation for the two enantiomers
within the BCH-binding pocket. LAT preferentially transports L-enantiomers, but its selectivity is
not complete, and we conclude that whatever parts of the overall active site confer enantiomeric
selectivity, it is not the region in which BCH was observed to be bound. Other work has shown
that inhibitory effects on LAT uptake of the substrate L-leucine can be seen in the presence of p-
methionine, p-phenylalanine and p-leucine in vitro***® which not only indicates the potential for
the binding of p-enantiomers, but also that it occurs in a location which is effective in halting or
reducing transport. Other research using microinjection of various methylmercury compounds
into LAT1-4F2hc and LAT2-4F2hc expressing Xenopus laevis oocytes showed that while the
uptake was greatest for MeHg-L-Cys, MeHg-p-Cys was also taken up, albeit at a level that was
somewhat less than 25% of MeHg-L-Cys within the same time frame.®

The LAT/4F2hc heterodimer has been a subject of study for some time in part due to its
implication in various human cancers as well as its upregulation in various cancerous cell
lines.204647 Its increased expression under these circumstances is thought to be related to
increased cell proliferation, as neutral amino acid transport via LAT/4F2hc is involved in the
mTOR pathway in several cell lines.*® Indeed, an increased presence of LAT1 transporters has
been linked with certain types of cancer which can be correlated with a negative prognosis.*
Some research has focussed on inhibition of LAT transport as a therapeutic strategy for certain
cancers.*647

Here we used zebrafish larvae, a commonly used vertebrate model for the developing
foetus to study competitive inhibition of two forms of organometallic mercury in the presence of
various LAT substrates and an inhibitor to investigate whether a modulation of uptake of either
form of organometallic mercury would occur and whether the result would be a corresponding
modulation in toxicity. Although uptake of MeHg-L-Cys and MeHg-p-Cys via LAT transporters
has been studied quite extensively in in vitro models, the involvement of these transporters in
methylmercury transport in vivo has been studied less, and not in zebrafish, to our knowledge.
Besides competitive inhibition by other amino acids, transport of MeHg-L-Cys can also be
modulated by changes in LAT1 and LAT2 expression. For example, LAT1 expression is reduced
as a result of high blood glucose in patients with diabetes,*® which can potentially result in
reduced MeHg-L-Cys uptake by the brain.
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The importance of understanding interactions between LAT transporters and
methylmercury in vivo can be highlighted by the possibilities of significant modulation of
mercury uptake by specific physiological conditions, for example, the presence of higher
concentration of amino acids in the blood. The results herein demonstrate that co-exposure of
MeHg-1-Cys and each individual LAT competitor resulted in increased survival of zebrafish
larvae when compared with MeHg-L-Cys alone, suggesting that toxic effects of methylmercury
exposure can possibly be modulated by the presence of nutrients such as amino acids in the blood
stream or other tissues. Amino acids are commonly found in protein-rich foods. Given the
heightened survival and the reduced concentrations of mercury in target organs in larvae treated
with excesses of amino acids, it is possible that the presence of these amino acids affords some
protection against this organometallic compound. One might further speculate that the uptake
rates of MeHg-L-Cys through the intestinal tract might be decreased if organometallic mercury
was a constituent of a protein-rich meal, similar to the protection afforded by the selenium
content of fish when consumed at the same time as organometallic mercury.

While all examined LAT substrates and inhibitor were successful in decreasing mercury
toxicity, not all of them influenced mercury accumulation in zebrafish tissues in the same way. L-
phenylalanine and BCH co-exposure with MeHg-1-Cys resulted in a statistically significant
decreases in mercury accumulation in whole sections, including the brain. Co-exposure with -
methionine resulted in only slight attenuation in mercury accumulation, which might be partly
explained by a lower affinity of LAT transporters to L-methionine compared to -
phenylalanine.®#® Higher levels of mercury in zebrafish co-exposed with L-methionine compared
to fish co-treated with L-phenylalanine or BCH could also indicate that initial uptake is not the
only determinant of mercury bioaccumulation. Methionine itself can bind mercury and other
work has noted that excess cysteine can accelerate the uptake of methylmercury.**0 As well,
methionine catabolism can result in the formation of sulfides®® that are known to form stable and
biologically inert HgS compounds,®? which may also explain the decrease in toxicity and only
slight change in mercury burden.

The mercury burden in the brain as a result of MeHg-p-Cys exposure was approximately
two-fold lower than the mercury concentration resulting from MeHg-.-Cys (Fig. 6.4, Hg panel),
which at least in part can be explained by the lower affinity of LAT transporters towards MeHg-

p-Cys compared to the L-enantiomer. As well, the relatively long exposure time used in this study

158



might have allowed for significant catabolic changes of p-cysteine. There are few known
pathways for p-cysteine metabolism in vertebrates. One pathway includes production of
hydrogen sulfide;>® here, increased availability of p-cysteine may lead to elevated production of
hydrogen sulfide and sulfane sulfur in tissues, resulting in enhanced protection of neurons and
kidneys.>* As previously mentioned, hydrogen sulfide and many sulfane species efficiently
protect tissues and organs against mercury toxicity by forming biologically inactive mercury
sulfide complexes such as mercuric sulfide. Moreover, hydrogen sulfide plays an important role
in demethylation of organometallic mercury. It is possible that the presence of high levels of
sulfides as a result of MeHg-p-Cys catabolism resulted in some level of demethylation of
organometallic mercury; this may explain the reduced transport of MeHg-p-Cys into the brain
(Fig. 6.4, Hg panel) and subsequent increased survival (Fig. 6.2).

Our earlier work has shown that exposure of zebrafish larvae to mercuric chloride leads to
depletion of selenium from melanophores that normally contain high levels of selenium, as well
as redistribution of this element into the kidneys as a complex with mercury, presumably as part
of the process of mercury excretion from the body.** We also observed that both mercuric
chloride and methylmercury chloride exposure leads to statistically significant selenium depletion
from the brain of zebrafish larvae.*® It was therefore somewhat surprising to discover that in this
work, exposure of zebrafish larvae to MeHg-1-Cys did not result in selenium depletion, further
highlighting the importance of chemical form in toxicity.? This finding suggests that consuming
fish which contain mercury in the form of MeHg-L-Cys®® may not lead to selenium depletion, but
may instead result in selenium enrichment with additional physiological and cognitive benefits
due to the high selenium content in most fish species.®” Interestingly, co-exposure to L-
methionine together with MeHg-L-Cys slightly increased the level of selenium above the level of
that observed in control fish, although this increase was not statistically significant.

Significant depletion of selenium was observed in all tissues in zebrafish exposed to
MeHg-p-Cys, and especially in the brain. This depletion is consistent with what is observed in
zebrafish after exposure to methylmercury chloride or mercuric chloride*® and highlights the
importance of the involvement of the metabolically active L-cysteine form vs. the p-cysteine form
that is very limited in the possible catabolism pathways discussed above. The combined
observations of decreased toxicity of MeHg-p-Cys compared to MeHg-L-Cys, without a

significant decrease in mercury burden in tissues, along with significant differences in their
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effects on selenium and sulfur abundance in zebrafish suggest that the toxicity of mercury and its
effects on selenium and sulfur metabolism are determined not only by the level of mercury in the
tissues and its chemical form, but also by the presence of other nutrients and physiologically
active compounds that can significantly modulate the outcome of exposure.

In conclusion, the current work highlights an important role of LAT transporters in
methylmercury uptake in vivo. We also show that mercury toxicity and accumulation is
influenced by other nutrients, with an especially important role of sulfur-containing amino acids
like L-methionine. Moreover, exposure to methylmercury complexed with p-cysteine leads to
significant selenium deficiency in zebrafish larvae tissues, consistent with the results of exposure
to methylmercury chloride and mercuric chloride, while L-cysteine complexed with

methylmercury does not result in selenium depletion.
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CHAPTER 7: CAN SKIN-ASSOCIATED MUCOUS CHEMICALLY PROTECT AGAINST

LOW-LEVEL MERCURY IN TELEOST FISH?

7.1 Preface

The final experimental chapter of this thesis is focussed on potential defensive
mechanisms against mercury toxicity. Inspiration for this work came at least partly from the
research in Chapter 4 which dealt with potential mechanisms for demethylation of organometallic
mercury compounds in human brain tissue. Mercury is also thought to become demethylated
within the intestinal tract of humans, prior to excretion.

Prior work conducted within this research group noted an unusual phenomenon of
accumulation of mercury in what appeared to be the exterior, mucosal-producing epithelial layer
of larval zebrafish after exposure to an inorganic mercury compound. Previous work had
presumed this to be mercury bound through non-physiological adsorption from the treatment
solution and sought to dampen undesirable mercury fluorescence in (presumed) non-target
locations in XFI images by rinsing euthanized zebrafish prior to preservation. This work
considered the possibility that accumulation in this location was, instead, a target for mercury
accumulation, and even toxicity. This was further explored by treating larval zebrafish, the model
organism of choice in this thesis, to various other organic and inorganic mercury species. The
potential for demethylation to occur here was realized and investigated by titrating a range of
concentrations using both an organometallic and inorganic mercury species. Demethylation was

seen to occur in the lowest methylmercury concentration used.

This chapter will be submitted for publication following the completion of additional work.

James, A.K., MacDonald, T.C., Dolgova, N.V., Summers, K.L., Krone, P.H., Pickering, 1.J.,
George, G.N. Can skin-associated mucous chemically protect against low-level mercury in
teleost fish?

A.K. James collected trout mucosa from Wild West Steelhead, conducted experimental and
laboratory work, collected and analyzed XFI data, analyzed XAS data and drafted the

manuscript.
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T.C. MacDonald conducted initial studies with inorganic mercury and noted accumulations in the
epithelial layer of larval zebrafish.

N.V. Dolgova assisted with the Ellman’s assay and collected sulfur XAS.
K.L. Summers assisted with mercury XFI data collection.

G.N. George, 1.J. Pickering and P.H. Krone contributed scientific input and guidance and
provided funding for the research as well as commented on and edited the manuscript.
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7.2 Abstract

Demethylation of organometallic mercury compounds is known to occur within the brain
and the intestinal tract of humans as a mechanism of protection against toxicity, although this
process is not yet fully understood. Similar protective mechanisms against organometallic
mercury are known to occur in many animal species. Here the potential for demethylation in a
previously un-studied target location, the mucosa of a teleost fish was examined. X-ray
absorption spectroscopy (XAS) was used to determine mercury speciation after titration of
various concentrations of an organometallic and inorganic mercury compound with mucosa
harvested from steelhead trout (Oncorhynchus mykiss) from a local aquaculture facility.
Demethylation of organometallic mercury was seen at the lowest concentration used. As well, the
accumulation of mercury in a previously unseen location, the exterior epithelial layer, was
investigated using X-ray fluorescence imaging (XFI) and larval zebrafish, a well-established
model organism in vertebrate development which had been exposed to either organometallic or
inorganic mercury compounds. Accumulation of mercury in this exterior target location was seen
after exposure to all mercury compounds used and was additionally seen to increase over time

after exposure to inorganic mercury.
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7.3 Introduction

Mucosal-associated tissues occur in all vertebrates,! with fish and amphibians being
distinct from mammals, reptiles and birds in having a mucosal-covered epidermis. This mucosal
exterior has functions that include sensory perception (e.g. in fish nasal mucosa), assisting
locomotion by providing lubrication, helping with both thermal and ionic regulation and in
providing a protective barrier against the environment (e.g. water) in which it is in constant
contact.?® Giinther et al.* has called the epithelial layer the first line of defense for an organism
which is in intimate contact with its environment. This protective function can be argued to be
especially important for an aquatic organism as it is the barrier between the organism itself and
its environment. As such, skin-related diseases are more commonly found in aquatic organisms
when compared with terrestrial organisms, hence the large body of literature on aquaculture and
related topics.>®

The epidermal layer of a teleost fish contains cellular components which are thought to be
ubiquitous amongst teleost fish species, including goblet cells, club cells, Merkel cells, sacciform
cells and undifferentiated cells, amongst others, although their quantity and distribution may vary
between species.® Secretions from goblet mucous cells, club cells and sacciform cells are thought
to be the primary components of fish epidermal mucous. Goblet cells produce mucins which are
the primary component of mucous and are composed of high molecular weight sulfated or neutral
glycoproteins and which are responsible for the gel-like texture of the secreted mucous.® Other
components of mucous include additional proteins such as lysozymes and lectins, and a variety of
immune related components which have been previously summarized.*°

Some research has shown that the number of mucous cells present within the skin
epithelia may be altered in response to environmental stressors.® It is known that in adverse
conditions such as changes in salinity, light, pH, or presence of heavy metals, fish epithelial cells
will secrete an over-abundance of mucous as a protective mechanism. Shephard et al.2 noted that
excess secretions of mucous on the surface of epithelial cells may provide ideal conditions for
binding of mucosa to toxicants such as heavy metals which could then be shed to prevent
ingestion or uptake. However, they also noted that this was pure theory and that it has not been
otherwise proven.

Zebrafish (Danio rerio) have been used extensively as a model in toxicology*! for
studying heavy metals, including mercury.'>** Our laboratory has developed and demonstrated
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the use of X-ray fluorescence imaging of zebrafish larval sections with the purpose of
investigating target organs and tissues for toxic effects of mercury and other biologically relevant
elements, as well as extensive research using X-ray absorption spectroscopy techniques as a tool
for probing the molecular structure of heavy metals in biological tissues. In this work, we used
EXAFS to investigate the chemical modifications of mercury compounds on mucosal secretions
of mature Oncorhynchus mykiss collected from a local aquaculture facility. Further to this, we
utilized XFI to demonstrate the uptake of various organic and inorganic mercury species into the

epithelial layer of the model organism, Danio rerio.
7.4 Materials and Methods

7.4.1 Husbandry and experimental

Zebrafish were raised and maintained in a dedicated aquatic facility, the Lab Animals
Service Unit (LASU) at the University of Saskatchewan using a 14:10 h light : dark cycle and
with water temperatures constant at 27.5 °C. Mates were conducted by placing Tlbingen
wildtype zebrafish in separate tanks with females and males kept separate through use of a
divider until the start of the light cycle in the morning. Dividers were then removed, and embryo
collection occurred several hours later.

Viable embryos were rinsed with system water and carefully transferred to Petri dishes of
no more than 50 embryos/dish. Petri dishes were filled with embryo media, which has been
previously described® and placed into an incubator maintaining a constant temperature of 28°C.
Embryo media were changed daily up to 3 days post-fertilization (dpf) with dishes being cleaned
of dead embryos and debris concurrently.

Methylmercury hydroxide (1 M) aqueous solution was purchased from Strem Chemicals
Inc. (Newburyport, MA, USA) and was diluted with triple-distilled water to make a stock
solution of 4 mM. All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) except when otherwise stated, and were of the highest quality available. L-cysteine stock
solutions were made in 30 mM phosphate-buffered saline (PBS). Appropriate aliquots of stock
solutions were mixed to produce a 1 mM solution with a 20% excess of L-cysteine for
methylmercury-L-cysteine (MeHg-L-Cys).1®" Final exposure solutions of 0.2 uM MeHg-L-Cys
were made up using 1 mM stocks and embryo media. A stock solution of 1 mM mercuric
chloride (HgCl,) was produced by mixing mercuric chloride crystals into triple-distilled water. A

1 mM stock solution of mercuric bis-L-cysteine [Hg(Cys)2] was made by slowly mixing the stock
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solution of HgCl, into a 2.5 mM solution of L-cysteine made up in 100 mM HEPES solution.® A
final exposure concentration of 100 uM Hg(Cys)2 was made from the stock solution and embryo
media. A 4 mM aqueous stock solution of methylmercury chloride (MeHgCI) was purchased
from Alfa Aesar and diluted to 100 uM using triple-distilled water. Mercuric chloride crystals
were used to produce a 1 mM stock solution in triple-distilled water. Both stock solutions were
used to create final exposure concentrations of 0.2 uM MeHgCl and 4 uM HgCl> which were
made up in embryo media.

University of Saskatchewan Ethics Board approved all animal work which was conducted
following the Guidelines of the Canadian Council of Animal Care (CCAC). Exposures to all
mercury solutions began at 3 dpf and ended at between 4 and 7 dpf. Exposure concentrations for
each mercury chemical form were based on previous work and we intended to ensure survival of
the larvae while still exhibiting significant accumulation of mercury within tissues. Previous
(unpublished) lethality work has shown that zebrafish larvae can survive a concentration of 0.2
MM MeHg-L-Cys for up to 48 hours. A similar concentration of 0.2 pM MeHgCl was chosen
with reference to MeHg-L-Cys lethality work as well as lethality work involving an additional
100 zebrafish larvae. The exposure concentration of 4 uM HgCl, and duration of 48 hours was
based on previous work.'® Hg(Cys). has been shown to be less toxic to zebrafish larvae!®
surviving at 100 uM for up to 96 hours based off previous work (unpublished) as well as
additional lethality studies involving 100 zebrafish larvae. Larvae from 0.2 uM MeHg-L-Cys, 0.2
UM MeHgClI and 4 uM HgClz exposures were all collected for preservation at 48 hours, while
those from 100 uM Hg(Cys)2 were collected at 24h, 48h, 72h, and 96h time points. All stock
solutions were kept cold at 4°C with exposure solutions made fresh and changed in exposure
Petri dishes every 24 hours. Petri dishes with zebrafish larvae were kept in an incubator for the
duration of the experiment. Upon experimental completion, all larvae were euthanized using
0.2% Tricaine and either rinsed multiple times using triple-distilled water (as specified by
previous work!®-?! specifically for eliminating mercury which may have accumulated on the
exterior of the zebrafish epidermis) or directly moved, unrinsed, towards preservation.

7.4.2 JB-4 methacrylate preservation

Zebrafish larvae were preserved using the commercial JB-4 Plus embedding kit

(Polysciences, Warrington, PA, USA), the general protocol of which has been described

elsewhere.'®'8 Following preservation, zebrafish larvae were sectioned to 10 pm using a
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microtome equipped with glass knives. Sections intended for X-ray fluorescence imaging (XFI)
were mounted on Thermanox plastic coverslips while adjacent sections were collected onto
Fisherbrand Superfrost Plus microscope slides for histological staining.

7.4.3 X-ray fluorescence imaging (XFI)

X-ray fluorescence imaging data were collected at the Advanced Photon Source (APS)
which is a U.S. Department of Energy facility. The APS is a 7 GeV synchrotron containing 60
operational beamlines running at a ring current of 102 mA and in top-up mode. Beamline 20-1D-
B is an undulator beamline employing a Si(111) double-crystal monochromator with Kirkpatrick-
Baez (KB) mirrors and a Rh-coated mirrors for production of a focussed microbeam with a
resolution of approximately 5 um. A silicon drift Vortex® detector (Hitachi High-Technologies
Science America Inc., Northridge, CA, USA), fitted with a collimator was used to record X-ray
fluorescence. The plastic coverslip on which the samples are located was mounted onto 6.3 pm
polypropylene film and situated at an angle of 45° from the incoming X-ray beam and at a 90°
angle to the detector. Incident X-ray energy was set to 13 450 eV for capturing of mercury and
other trace element fluorescence without exciting bromine fluorescence. Each sample was
scanned from the bottom-left corner fluidly to the top-right corner in 5 um x 5 pm step sizes with
a dwell time of 600 milliseconds per step.

X-ray fluorescence imaging data was also collected on beamline 2-1D-D which has
significantly greater resolution than 20-1D-B at approximately 200 um. This resolution is
achieved using Fresnel zone plates (X-radia, Pleasanton, CA) rather than the KB mirrors utilized
at 20-1D-B. All other set-up parameters were the same excepting the step size which was 400 nm
x 400 nm and the dwell time which was 400 milliseconds. X-ray fluorescence imaging analysis

was carried out as previously described.'6-2

7.4.4 Ellman’s assay and mercury-mucosa experimental

Oncorhynchus mykiss mucosa samples were collected at a local aquaculture facility (Wild
West Steelhead, Lucky Lake, SK, CA). Mucosa was collected as composite samples from
approximately 10 trout which had been euthanized moments before using electrocution (standard
operating procedure at the facility). Approximately 90 mL of mucosa was collected which was
noted to be very viscous at the time of collection. Samples were stored on ice for transport and

frozen at -20°C upon arrival at the laboratory.
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Ellman’s assay was utilized for estimation of thiol content of the trout mucosa collected
which utilizes the Ellman’s reagent, 5,5’-dithiobis (2-nitrobenzoic acid), also called DTNB for
reaction with thiols in peptides or proteins. A calibration curve using glutathione was created for
quantitation and absorbance off the plate was read at 412 nm. Average thiol content was
determined to be 2.5 mM after trout mucosa was mixed with the reagent DTNB and read using a
plate-reader.

Mucosa samples for X-ray absorption spectroscopy (XAS) were titrated with varying
concentrations of organic and inorganic mercury to probe any changes in the mercury molecular
environment in presence of the mucosa. Forms of mercury included one organic (MeHgCl) and
one inorganic form (HgCl.) with concentrations of 100, 400 and 700 uM chosen for both organic
and inorganic mercury. Mucosa-only control samples were also made. All XAS samples
contained 25% glycerol for protection against ice artifacts, although samples were monitored
carefully as some work has shown that the addition of cryoprotectants may lead to
photoreduction,??23 even in the case of mercury,* which can alter spectra and influence
interpretation of results. All samples intended for mercury XAS were loaded into metal-free
plastic cuvettes with mylar tape for windows flash frozen in liquid nitrogen cooled isopentane.
Samples intended for sulfur XAS were treated slightly differently due to the low penetration of
X-rays at the sulfur edge, with mucosa being coated as thin films on Thermanox plastic

coverslips which were dried in a desiccator and then transported attached to microscope slides.

7.4.5 X-ray absorption spectroscopy (XAS)

All XAS experiments were run at the 3 GeV Stanford Synchrotron Radiation Lightsource
(SSRL, Menlo Park, CA) which maintains a ring current of ~500 mA through top-up operational
mode. Mercury Lii-edge XAS was collected using beamline 7-3 and sulfur K-edge XAS was
collected on beamline 4-3. Both beamlines are powered by essentially identical flat-top field
profile 20-pole 2T permanent magnet wigglers. Beamline 7-3 is equipped with a Si(220) double-
crystal monochromator responsible for X-ray energy selection with a single upstream Rh-coated
mirror for focussing the X-ray beam. End station set-up at 7-3 includes a liquid-helium cooled
cryostat which maintains the sample at a temperature of 10K as well as two nitrogen-filled ion
chambers which measure both the incident and the transmitted X-rays. Mercury fluorescence is
collected by a Canberra solid-state 30-element germanium detector equipped with gallium filters

and Soller slits for exclusion of unwanted confounding fluorescence. To calibrate the incident X-
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ray beam energy, transmittance of X-rays through a Hg-Sn amalgam standard metal foil located
downstream of the ion chambers is analyzed simultaneously to mercury fluorescence emitted
from the sample, using a third nitrogen-filled ion chamber. The lowest energy inflection of the
Hg-Sn amalgam is assumed to be 12 284 eV.

Beamline 4-3 is optimized for lower X-ray energies than 7-3 and employs a Si(111)
double-crystal monochromator with an upstream vertically collimating bare silicon mirror which
was set at an appropriate angle to achieve harmonic rejection. Samples were maintained at room
temperature in a helium flight path and total X-ray fluorescence was monitored using a large-area
PIN diode (Canberra Industries, Meriden, CT, USA). Visible light was excluded by employing an
aluminized mylar window on the face of the detector, and by darkening the experimental hutch.
The incident X-ray energy was calibrated with reference to the spectrum of solid sodium
thiosulfate measured immediately prior to the sample spectrum. The first intense peak of sodium
thiosulfate was assumed to be 2469.2 eV.%

Near-edge analysis of sulfur K-edge spectra was carried out using the program DATFIT
included in the EXAFSPAK suite of programs.?® EXAFSPAK was also utilized for data
reduction and analysis of both mercury Li-edge and sulfur K-edge EXAFS data, as previously
described.?"?®

7.5 Results and Discussion

7.5.1 XFI1 demonstrates surface mercury accumulation irrespective of rinsing

Fig. 7.1 shows an example of X-ray fluorescence imaging (XFI) of zebrafish larval
sections. XFI is an element-specific technique which allows the visualization of distributions of
elements.?® The sections in Fig. 7.1 depict the trunk, where mercury associated with the outer
layer of the zebrafish larvae appears as a low intensity “halo”. The highest intensities of mercury
in the trunk section are seen in the liver, kidneys and yolk sac. Fig. 7.1 shows the effect of rinsing
on the fluorescence maps. Well-established protocols for embedding using the JB-4 methacrylate
kit were followed here,* as had been used extensively in previous mercury research.®?* The first
step in the protocol (developed in-lab) was to rinse euthanized larvae with deionized water three
times, to remove mercury which may have accumulated on the exterior of the larvae which if
picked up using XFI would potentially confound accumulations present in other parts of the

anatomy.
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RINSED
100 uM Hg(L-Cys),
24 h exposure

UNRINSED
100 uM Hg(1-Cys),
24 h exposure

Figure 7.1: Comparison of mercury distributions in rinsed and unrinsed zebrafish larval sections.
Zebrafish larvae were exposed to 100 uM Hg(r-Cys)2 at 3 dpf for 24 hours. (A), (B): rinsed three
times, (C), (D): unrinsed. In both cases larvae were embedded prior to sectioning and then were
imaged using XFI. Maximum for colour bar: 0.58 pg/cm?for (A) and (C) while (B) and (D) were
set to a maximum concentration of 0.12 pg/cm?, for direct comparison and in order to highlight
accumulation of mercury in the outermost regions, specifically in the epidermal layer. Scale bar

shows 50 pm.
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In Fig. 7.1, zebrafish larvae were either rinsed and not rinsed following the same exposure
scenarios of 100 um Hg(L-Cys)2 over a period of 24 hours starting at 3 dpf to examine whether
rinsing significantly decreased what mercury existed on the exterior of the larvae. Fig. 7.1A and
C show two representative larvae, rinsed and unrinsed scaled to the same maximum
concentration of 0.58 pg/cm? for ease of comparison. Here, mercury is not apparent in the
surrounding epidermal layer of the larvae due to the high concentration of mercury present within
the liver tissues. Fig. 7.1B and D demonstrate the same sections, with the mercury concentration
scaled down to 0.12 pg/cm? where the mercury present in the epidermis becomes clear.
Qualitatively, mercury shows slightly higher levels in the epidermis of the unrinsed section,
while still being present in the rinsed section; due to the narrowness of this layer compared to the
pixel size, this difference could not be quantified with any certainty.

7.5.2 Mercury accumulation in epidermis increases with time

Multiple exposures were conducted with exposure time periods ranging from 24 to 96
hours in order to examine how the phenomenon of mercury in the epidermis might evolve with
larval zebrafish age. Fig. 7.2 highlights this work, demonstrating both lens and trunk sections
from zebrafish larvae which were all exposed to 100 um Hg(c-Cys)2. Fig. 7.2A and B head
sections and Fig. 7.2B and D trunk sections are scaled to the same maximum concentration of
0.18 and 0.27 pg/cm?, respectively, for comparison. Clearly seen again is the typical
accumulation locations after an inorganic mercury exposure, with mercury accumulating within
the liver, yolk sac, and the single visible pronephric duct in Fig. 7.2C. Mercury accumulation is
also seen in the epidermal layer in all Fig 7.2 images. Both Fig. 7.2A compared with 7.2B and
Fig. 7.2 C compared to 7.2D show a convincing (but unquantified) increase in mercury
accumulation in the epidermal layer occurring over time.

Mercury is very clearly accumulating at the exterior/epidermal layer in zebrafish larvae,
however, even at the excellent resolution of 5 um utilized in Figs. 7.1 and 7.2 it becomes difficult
to pinpoint the exact location of this accumulation. In Fig. 7.3 and Fig. 7.4, XFI imaging with a
resolution of 400 nm was utilized to determine more precisely where mercury was accumulating
in an embedded larval zebrafish exposed to 100 um Hg(-Cys). for 48 hours. The location which
was chosen for XFI imaging is denoted on the H&E stained image. This spot was chosen to
include both brain matter as well as epidermal tissue. Maps of sulfur and phosphorus

accumulations were included to highlight the cellular level resolution made possible at such a
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24 h exposure 96 h exposure
100 uM Hg(1-Cys), 100 uM Hg(1-Cys),

Figure 7.2: XFI images demonstrating increases in mercury accumulation in the outer epithelial
layer over time. Images (A) and (C) represent the lens and trunk sections of unrinsed embedded
larval zebrafish following a 24-hour exposure to 100 uM Hg(L-Cys)2 between 3 and 4 dpf, while
images (B) and (D) demonstrate the same treatment over an exposure period of 96 hours, lasting
from 3 to 7 dpf. Maximum for colour bar: (A) and (B) set to 0.18 pg/cm?; (C) and (D) set to 0.27

ng/cm? to highlight increases in mercury accumulations at epidermal layer. Scale bar shows 50

um.
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Tri-colour

Figure 7.3: High-resolution XFI image containing both epithelial layer and brain tissue of
embedded 3 dpf larval zebrafish exposed to 100 uM Hg(L-Cys). over 48 hours. H&E stained
image specifies the area selected for the XFI image from the embedded and sectioned zebrafish.
Elemental maps demonstrate mercury, sulfur and phosphorus accumulations in the selected area.
Included is a tri-colour plot which consists of overlaid XFI maps of mercury, sulfur and

phosphorus accumulations. Scale bar shows 4 um.
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48 h exposure
100 uM Hg(r-Cys),

Figure 7.4: High-resolution mercury XFI of embedded zebrafish larvae exposed to 100 uM Hg(r-
Cys)2 over 48 hours. Image is the same as that seen in Fig. 7.3 with a different filter applied for
easier visualization of mercury accumulation in brain and epidermal tissues. Image (A) is the XFI
image at full intensity with a maximum mercury concentration of 0.06 pg/cm? and (B) is the
same image scaled to a threshold of 0.012 pg/cm? to visualize mercury distributions in epidermal
layer. Scale bar denotes a distance of 4 um.
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small resolution. Mercury map shows accumulation occurring diffusely throughout the image,
with higher accumulation present in the brain tissue compared to the epidermal layer. However,
the accumulation of mercury in the outermost epidermal layer is visible in this map. Included is a
tri-colour map with all three elements overlaid each other, creating an XFI image rich in cellular

and elemental accumulation detail.

7.5.3 Mercury accumulation observed with range of different mercury species

Together, these results show that, following Hg(L-Cys). exposure, mercury accumulates in
the outermost epidermal layer, and that the concentration apparently increases with duration of
exposure. Moreover, the phenomenon of accumulation may extend to other chemical forms of
mercury. Fig. 7.5 shows XFI distributions of mercury in zebrafish larvae following treatment
with different mercury forms including an additional inorganic mercury species (HgCl.) and two
methylmercury species (MeHgCl, MeHg-L-Cys). While unquantified, in each case these images
qualitatively suggest that mercury is accumulating in the epidermal layers following exposure to

a range of different mercury chemical forms.

7.5.4 XAS of chemical interactions of mucosa with mercury species

Informed by the observation of mercury associating with the epidermal/mucosal layer, we
addressed the question of whether the mucosa itself could interact chemically with mercury
species. We therefore used X-ray absorption spectroscopy to investigate the chemical forms of
sulfur in the mucosa and the nature of any chemical association between organic and inorganic
mercury and mucosa harvested from trout.

X-ray absorption spectroscopy relies upon the photoelectric effect whereby an incoming
X-ray beam excites strongly-bound core-level electrons to outer shell levels or, with sufficiently
high energy, expels them to the continuum. The energy at which these electrons are excited is
elementally specific and is called the electron-binding energy, which for the Hg Li-edge is
around 12 284 eV and for S K-edge is around 2469 eV. Information can be extracted from the
energy range close to the absorption edge, which probes the bound-state transitions. These
spectra are referred to as near-edge spectra (sometimes called XANES) and contain unique
features specific to the element coordination, oxidation state and geometry of the ligands.3! The
near-edge spectrum of a specific chemical species of an element can thus be thought of as a

distinctive “signature” or “fingerprint” of that species.3! These spectra are commonly analyzed
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4 uM HgCl, 0.2 pM MeHgCl 0.2 pM MeHg-1-Cys
96 h exposure 48 h exposure 48 h exposure

Figure 7.5: Blocked XFI images showing Hg in epidermal layer following exposure to different
mercury species. Inorganic mercury shown on left-hand side (4 uM HgCl,, exposure occurring
between 3 and 7 dpf) and methylmercury species shown in middle (MeHgCI) and on right-hand
side (MeHg-L-Cys; both 0.2 UM exposures occurring between 3 and 5 dpf). Mercury
accumulation in the outermost layers are observed in all three treatments. Colour scale shows
areal density in pg/cm? with scales adjusted to highlight increases in mercury accumulations in

the epidermal layers. Scale bars show 50 pm.
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against an existing library of standard compounds using linear combination fitting, which can
provide information on the type of chemical species present in a complex sample, such as a
biological tissue.®! However, it is important to note that the information extracted from the near-
edge is limited to the library of compounds available to the researcher, and informs on the local
environment of the atom, rather than identifying molecules explicitly.

Accompanying the excitation and ejection from core-levels is the concomitant decay of a
higher level electron to the vacant hole, resulting in the release of a fluorescent photon. This
fluorescence is also specific to element and may be analyzed as characteristic X-ray emission
energies. Mercury Lau,2 and sulfur Kas 2 fluorescence emission lines were monitored here as a
sensitive probe of XAS from these dilute samples. Extending the range of the incident X-ray
energy up to 700 eV beyond the absorption edge enabled the collection of extended X-ray
absorption fine structure (EXAFS), which results from constructive and destructive interference
between the outgoing ejected photoelectron and backscattering from neighbouring atoms.
EXAFS allows for the accurate determination of bond lengths between the absorbing atom (here,
mercury or sulfur) and backscattering atoms, the number of backscattering atoms as well as the
elements to which the element of interest is bound to in dilute samples which have undergone
little to no pre-treatment. Mercury EXAFS data were collected to a k-range of 12 A, while
sulfur spectra were collected in the near-edge energy range.

7.5.5 Sulfur content of trout mucosa

Sulfur K-edge XAS is well-established as a probe of the distribution of sulfur chemical
forms in complex biological systems, providing a sensitive probe of sulfur functional groups.?832-
34 We used sulfur K-edge XAS to survey the sulfur types present in the trout mucosa. The sulfur
K-edge is shown in Fig. 7.6 upper panel, with the second derivative spectrum in the lower panel.
The second derivative spectrum was fit to a linear combination of spectra of biologically relevant
standards. Fig. 7.6 lower panel shows the second derivative spectra, overlaid by the best fit, with
the individual components shown below. The numerical results of the fit are shown in Table 7.1.
Six major types of sulfur species are identified by the fit. The lowest energy peak in the
absorbance spectrum at around 2470-2472 eV encompasses three species: disulfides, thiols and
sulfides, which are partially separated in the second derivative spectrum. The peak at around
2474 eV corresponds to the sulfinates, while the prominent double peak at around 2477-2481 eV

is attributable to sulfonates and O-linked sulfate esters.
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Figure 7.6: Sulfur K near-edge X-ray absorption spectrum of trout mucosa. The normalized
absorption spectrum (upper panel) is dominated by transitions between 2477 and 2481 eV due to
oxidized species. The corresponding second derivative (lower panel) is shown on an expanded
energy scale. Experimental data points are shown as yellow dots overlaying the blue line
corresponding to the best fit (top). Sulfur components which comprised the best fit of the data
(bottom) are shown as red (disulfides), green (thiols), yellow (sulfides), light blue (sulfinate) and
brown (sulfonate) and grey (O-linked sulfate esters); components are scaled to their contributions
in the fit. Vertical green dashed lines are meant to aid in visualizing the peaks of the reduced
sulfur forms which are diminished in comparison to the oxidized forms. Linear combinations

fitting parameters are found in Table 7.1.
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Table 7.1: S K-edge best linear combination fit results from trout mucosa.

Standard Sulfur site % esd (%)
disulfide R-S-S-R 3.0 1.1
thiol R-SH 9.0 1.6
sulfide R-S-R 13.7 1.4
sulfinate R-SOy 8.6 0.7
sulfonate R-SO3" 7.6 0.9
O-linked sulfate ester RO-SO3° 58.2 1.4

Linear combination fits of S K-edge trout mucosa were performed using the program DATFIT in
the EXAFSPAK suite of programs. Experimental data were fit using a library of spectra of sulfur
standards. Best fit of experimental data includes sulfur components listed above recorded in

percentages of the total fit with estimated standard deviations also given as percentages.
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Figure 7.7: Fourier-transformed data of standards Hg Li-edge EXAFS of mercury solution
standards. a. Hg bound to 4 sulfurs, as modelled by Hg with an excess of DMPS. b. Hg bound to
2 sulfurs, as modelled by Hg(r-Cys)2. c. Hg bound to a methyl carbon and a single sulfur, as
modelled by CH3Hg(L-Cys). d. Hg bound to a methyl carbon and a nitrogen from imidazole, as
modelled by CHsHg-imidazole. Fourier transforms have been phase-corrected for first shell
interactions (Hg-S) for a-c or (Hg—N) for d. a and b have a modified intensity scale compared

with ¢ and d due to the much larger transform magnitude for the multiple sulfur ligands.
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7.5.6 Mercury EXAFS of standards

In order to survey the possible chemical interactions, we chose one inorganic form
(HgCl2) and one organic form (MeHgCI). In each case, three concentrations of mercury were
chosen for titration with trout mucosa, representing a low, medium and high (100 uM, 400 UM,
700 uM) mercury dose. EXAFS Fourier transforms of standard mercury solutions are shown in
Fig. 7.7. The phase-corrected Fourier transforms can be considered to be radial distribution
functions, with peaks approximately corresponding to bonded or nearby atoms surrounding the
central mercury. Four sulfurs coordinating to mercury gives rise to a prominent Hg—S peak at
around 2.5 A, whereas two sulfurs result in a substantially shorter Hg—S interatomic distance at
about 2.3 A (Fig. 7.7a and b). Binding to a methyl carbon and a single sulfur results in Hg-S also
around 2.3 A with a clearly resolved Hg—C at a shorter distance around 2.0 A (Fig. 7.7c and d). In
methylmercury-imidazole, in which mercury binds to a carbon and nitrogen, the EXAFS results
in an unresolved first-shell peak at around 2 A with an additional peak at approximately 3 A

attributable to more distant atoms in the 5-membered ring.

7.5.7 Interactions of inorganic mercury with trout mucosa

The EXAFS and corresponding Fourier transforms of inorganic mercury in the form of
HgCl» titrated with trout mucosa at low, medium and high levels (100, 400 and 700 uM Hg) are
shown in Fig. 7.8. Inorganic mercury at the lowest level (100 uM) to trout mucosa gave rise to
large amplitude EXAFS with a corresponding strong single peak in the Fourier transform at
around 2.3 A. The medium and high inorganic mercury treatments show a substantial decrease
both of the total EXAFS amplitude and of this 2.3 A peak, with the appearance of a second,
weaker peak at a shorter distance. EXAFS curve-fitting results (Table 7.2) show that the 100 uM
sample EXAFS fits well to a single first shell interaction of 2 Hg—S bonds at 2.32 A. This is
consistent with the inorganic mercury being completely coordinated by thiols from the trout
mucosa. To fit the 400 and 700 uM inorganic mercury samples, an additional peak modelled as
Hg—O was included, refining to a value of 2.05-2.07 A. In both cases, the total coordination
number was held at 2, and then the proportion of Hg—S and Hg—O bonds varied. From resulting
coordination numbers in Table 7.2, the proportion of Hg-S to total first shell bonds are 1, 0.8 and
0.2 for 100, 400 and 700 UM mercury as inorganic mercury, respectively. We interpret the Hg—O
as residual hydrated mercury in the 400 and 700 uM mercury samples, in which there are

insufficient thiols to fully coordinate the mercury.
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Figure 7.8: Mercury EXAFS of inorganic mercury-treated trout mucosa. Hg Liu-edge EXAFS
and Fourier transforms of 100 uM HgCl; + trout mucosa (bottom), 400 uM HgCl>+ trout mucosa
(middle) and 700 uM HgCl.+ trout mucosa (top). In all cases, blue line indicates experimental
data with overlaid red line indicating best fit of data. Hg Fourier transforms are phase-corrected
for Hg—S backscattering. Relevant curve-fitting parameters can be found in Table 7.2.
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7.5.8 Interactions of methylmercury with trout mucosa

In contrast to the results for the inorganic mercury titration (Fig. 7.8), the EXAFS of the
high and medium organic mercury concentrations titrated with the trout mucosa (Fig. 7.9)
demonstrated bonds lengths which are well cited in the literature and are consistent with a linear,
2-coordinate organic mercury species resembling methylmercury-cysteinate.?” The shorter Hg—C
contact at 2.07 A is characteristic of the bond in methylmercury while an Hg—S contact at 2.35 A
is attributable to binding to the thiols of the mucosa. Unexpectedly, when 100 uM MeHgCI was
combined with trout mucosa the resulting EXAFS showed a substantially less intense Hg—C
contact, which would indicate the diminished presence of an organic mercury species compared
with what was seen in the 400 and 700 UM concentration groups. Similar to the 400 and 700 uM
treatments, an Hg—S bond is present at 2.34 A, although with an increased intensity. This
substantial decrease in the intensity of the Hg—C contact indicates that demethylation of the
methylmercury has occurred in the presence of the trout mucosa, suggesting a hitherto
unidentified protective property of the mucosa.
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Figure 7.9: Mercury EXAFS of methylmercury-treated trout mucosa. Hg Lin-edge EXAFS and
Fourier transforms of 100 uM MeHgCI + trout mucosa (bottom), 400 uM MeHgCl + trout
mucosa (middle) and 700 uM MeHgCI + trout mucosa (top). In al cases, blue line indicates
experimental data with overlaid red line indicating best fit of data. Hg Fourier transforms are
phase-corrected for Hg—S backscattering. Relevant curve-fitting parameters can be found in
Table 7.2.
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Table 7.2: Hg Lii-edge EXAFS curve-fitting results from samples combining trout mucosa with
increasing concentrations of MeHgClI or HgCl,.2

Addition  Concentration Interaction N R (A) o (A%
Ho? 100 uM Hg-S 2 2323(2) 0.0023(2)
400 uM Hg-S 162(6)° 2.327(2) 0.0056(2)
Hg-O 0.38(6)> 2.049(9)  0.0028(10)
700 uM Hg-S 0.41(9)® 2.339(6)  0.0037(13)
Hg-O 1.59(9)® 2.068(6) 0.010(1)
CHsHg® 100 uM Hg-S 1.60° 2.339(7)  0.0035(5)
Hg-C 0.40¢  2.068(6) 0.0016¢
Hg-S 0.40° 2.624(7)  0.0026(6)
400 uM Hg—S 1 2.346(3)  0.0019(2)
Hg-C 1 2.073(6)  0.0016
700 uM Hg—S 0.82(4)®  2.346(3)  0.0026(6)
Hg-O 0.18(4)® 206(2)  0.0026(6)
Hg-C 1 2.068(5) 0.0016¢

a. Coordination number N, interatomic distance R (A), and Debye-Waller factor 2 (A2). All
fits used a fixed AEo value of —17.43 eV determined from curve fitting of standard
compounds

b. Hg-S and Hg—O coordination numbers were constrained in refinements so that the
fraction of each summed to a total coordination number of 2.0

c. Hg-S and Hg—C coordination numbers were allowed to vary in increments of 0.1 and
constrained to a total coordination number of 2.0. The noise level of the data did not
support free-floating of the coordination number and o2, because of high mutual
correlation coefficients in the refinement

d. The value for 6% was fixed at the value determined for methylmercury-L-cysteine

e. An additional long-range interaction was needed for an adequate fit, approximated as a
long Hg-S, e.g. a bond to an organic sulfide such as methionine sulfur.
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The mucosa-producing epidermal layer of teleost fish is inherently important in innate
immunity. This layer contains goblet cells which are partly responsible for the production of
mucous, which contains glycosylated glycoproteins as well as many immune-related components
such as proteases, immunoglobins, lysozymes, complement, among others.® A known response
of teleost fish to adverse conditions such as the presence of heavy metals is the over-production
of mucous®=” which, among others, may serve the purpose of binding to pathogens followed by
sloughing off for protection of susceptible anatomy. Interest in mucosal immunity has increased
recently with many studies investigating the impacts of adverse conditions to integral
components of fish mucous and their relationship to various aspects of immunity. It has been
noted that such changes can impact overall fish health and even cause genetic changes which may
have population level effects.? To our knowledge, very little work has focussed on the effect of
heavy metals on fish skin mucous, and further to that, only relatively few studies were found
which specifically studied the effects caused by mercury which is a persistent global
contaminant. The current work explores the accumulation of mercury in the epidermal/mucosal
exterior layer of zebrafish larvae as well as the possibility of mercury binding to elemental
components of Oncorhynchus mykiss mucous.

Increased mucosal production has been seen in numerous fish species as a reaction to the
presence of heavy metals.?3%38 Furthermore, research has shown that upregulation of mucosal-
producing goblet cells may occur under circumstances of environmental stress.> However, the
issue of whether said mucosa has the capability of binding to these heavy metals as a form of
protection against toxicity or otherwise has remained a point of contention.? Here we used X-ray
fluorescence imaging to demonstrate the accumulation of mercury in the epidermal layer of
larvae zebrafish after exposure to inorganic mercuric bis-cysteinate (Fig. 7.2, 7.3, 7.4) as well as
an apparent increasing accumulation of mercury over an extended time period given the same
exposure conditions (Fig. 7.2). Exposure to other species of mercury, both organic and inorganic,
also give rise to this accumulation (Fig. 7.5) and the accumulation was present whether sections
were rinsed or unrinsed (Fig. 7.1).

The epidermal layer of teleost fish contains goblet cells which are responsible for the
production and secretion of mucous which is known to be composed largely of glycoproteins.
Guardiola et al.*® noted that fish mucous typically has an overall negative charge and that it is
likely polyanionic which would be useful in binding to heavy metals, although others have
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suggested that fish mucous is neutral, bordering on acidic if it contains elevated levels of
components such as carboxylated or sulphated monosaccharides.? It is very likely that this differs
somewhat between fish species and is also related to the stress levels of the animal which are
known to trigger changes in epidermal composition.?“? The trout mucosa used in this work
measured at a pH of 8.

An Ellman’s assay was performed on trout mucosa. This assay was utilized for
quantifying free sulfhydryl groups; it determined a relatively high concentration of approximately
2.5 mM of sulfur compounds when estimated against a glutathione calibration curve. Mercury is
known to have a very high affinity to sulfur compounds. Varying species of mercury can bind to
albumin in blood plasma**2 and be transported ubiquitously throughout the body after exposure,
leading to accumulations and toxicities in many target organs. Mercury has been shown to disrupt
normal metabolic activity through binding to cysteine resides in many biologically important
enzymes.*® Some examples include glutathione peroxidase which functions as an antioxidant and
whose disruption may result in oxidative stress particularly in the cardiovascular system** as well
as sulfur transferases which are involved in cysteine metabolism and have been seen to be
disrupted in adult Xenopus laevis after exposure to HgCl. resulting in reduced levels of sulfane
sulfur various tissues,* to name a few. Methylmercury may also bind to cysteine residues in
tubulin which is thought to lead to depolymerisation of tubulin and ultimately halts production of
microtubulins which are essential components of the cellular cytoskeleton. 214647

Analysis of trout mucus for sulfur compounds using EXAFSPAK program DATFIT
identified the presence of several types of sulfur species in the trout mucosa (Fig. 7.6). This
method of analysis does not identify individual molecules, but rather chemical types. Thus, the
proportion of thiols, in which the sulfur is bound to one organic carbon and a proton (R-SH),
might represent the amino acid cysteine, unbound or in a peptide chain or protein, or possibly in
the endogenous thiol glutathione. Disulfide might arise from a similar environment in which two
RS-H environments are oxidized to form a RS-SR moiety. Similarly, sulfide (R-S-R) represents
methionine or a similar environment where the sulfur is bound to two aliphatic carbons.
Sulfonates may include the molecule taurine, which is widely distributed in cells of animals
including fish. Sulfinates may represent oxidized thiols, such as cysteine sulfinic acid which is an
intermediate in the conversion of cysteine to taurine. The O-linked sulfate esters represent

sulfated polysaccharide components of the mucosa as previously observed?, and account for some

193



58% of the total sulfur. Some 9% of the total sulfur was observed to be present as thiols, which
are predicted to coordinate to the mercury when exposed.

Addition of 100 uM mercuric chloride to trout mucosa (Fig. 7.8) shows a prominent peak
in the EXAFS Fourier transform attributable to two Hg—S bonds. Addition of the higher
concentrations of 400 and 700 uM show a sequentially decreased intensity for the Hg—S contact,
with the bonds replaced by oxygen from the solvent. We attribute this to having sufficient thiols
available for the 100 uM HgCl. sample, whereas for the higher concentrations there are
insufficient thiols available. Interestingly, this suggests that there may be a lower concentration of
accessible and reactive thiols available than were estimated by the Ellman’s reagent. It is possible
that while Ellman’s reagent estimates all accessible thiols, only certain pairs of thiols, those that
can form a near linear S-Hg-S, will react with the inorganic mercury.

Additions of 400 and 700 uM methylmercury chloride to trout mucosa (Fig. 7.9) resulted
Hg Lt EXAFS which fit to one carbon and one sulfur donor at bond lengths of 2.073(6) and
2.346(3) A, respectively, resembling a linear 2-coordinate mercury-L-cysteine species (Table
7.2). Magnitude of Fourier transforms of methylmercury chloride additions at 700 uM appear
diminished in comparison to additions of 400 uM which is likely due to the lack of available
sulfur donors in an overwhelming mercury presence. This might also be the reason for the
additional Hg-O contact seen at 2.06(2) A suggested in the best experimental fit (Table 7.2). The
striking observation in Fig. 7.9 is with the lowest concentration of 100 uM, in which the near-
lack of the shorter 2 A peak corresponding to the methyl carbon, which is so prominent in the
higher concentrations, indicates that demethylation of the methylmercury has occurred in the
presence of the trout mucosa.

Methylation and demethylation of mercury occurs naturally in the environment, with
biomethylation of inorganic mercury by sulfate-reducing bacteria,*® iron-reducing bacteria®® and
methanogens®® considered to be appreciable sources of increased methylmercury in aquatic
environments.> Past work has shown that some of these bacteria, including sulfate-reducing and
methanogens also have the ability to demethylate organic mercury.>? Demethylation of organic
mercury is known to take place in abiotic and biotic environments and has been seen to occur
through both oxidative and reductive pathways. Figueiredo et al.>® found microorganisms present
in both aerobic and anaerobic environments to play a key role in demethylation of methylmercury

in both anoxic and oxygenated estuarine sediments.
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Given the high thiol content of the slime determined using Ellman’s assay, and mercury’s
known affinity for thiols, exploratory work investigating what mixtures of the two would produce
was undertaken. In the past, the question had been raised concerning whether the removal of
heavy metal ions via mucous was truly an adapted mechanism of surface layer protection or
whether it was simply a natural result of the adverse conditions an animal finds itself in.? Here we
see for the first time, the implication that trout skin mucosa might be utilized as a direct defense
against heavy metal ions, specifically methylmercury, through the action of demethylation at
low-level concentrations.

A highly diminished Hg—C contact was seen when a concentration of 100 uM MeHgClI
was combined with trout mucosa in Hg Lin EXAFS analysis (Fig. 7.9). While an organic portion
remains, it is apparent that the majority of the methyl contacts in the sample have been cleaved
resulting in a predominantly inorganic mercury species. Past research has demonstrated that in
vivo demethylation is possible, particularly in areas which are likely to contain mucosal surfaces.
Ludwicki et al.>* demonstrated increasing demethylation of methylmercury chloride as well as
phenylmercuric acetate to Hg® incubated over a time period of 24 - 72 hours with the intestinal
contents of rats, although they also noted that this process was likely to be slower than the
absorption of methylmercury in the gastrointestinal tract. Interestingly, the yield of elemental
mercury produced by the degradation of phenylmercury acetate was noted to be higher than that
produced by methylmercury chloride in the same time frame, which may speak to the
vulnerability of different mercury-carbon bonds to protonolysis. Indeed, varying strains of
intestinal microbia including E. coli, Bacteroides and Bifidobacteria from humans and E. coli
from rats incubated with methylmercury resulted in its volatilization, and although the authors
could not specify the end product they suggested it to be a volatile sulfur derivative of
methylmercury.* Microbial action has been seen to play a part in intestinal demethylation of
mercury in fish and mammals. In turn, it is a possibility that the demethylation of low-level
concentrations of methylmercury chloride occurring in trout skin mucous is due to similar
microbial activity. A review of intestinal demethylation of methylmercury species in mammals
and fish demonstrated that reductive demethylation rather than oxidative occurs predominantly.>
An overlap exists in phyla of bacteria that have been found in human gut microbiota® as well as
in the mucous found on the skin of farmed Atlantic salmon (Salmo salar).>® Data from both

studies pointed to the phyla Proteobacteria as being the most abundant, followed by Firmicutes
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and Acidobacteria in salmon and Firmicutes, Actinobacteria and Bacteroidetes being equally
abundant in the human microbiome. No data could be found on the specific microbial
communities in trout mucosa, however it is likely that some redundant bacterial species exist
between most fish species.

In this work, we demonstrated that the complex mucosal layer of the teleost fish,
Oncorhynchus mykiss has the capability of binding to the toxic heavy metal, mercury. Further to
that, we highlighted the novel possibility of demethylation of low-levels of organic mercury
occurring in this mucosa. As well, we showed that over a short time period, mercury will
accumulate in the epidermal layer of zebrafish larvae exposed to the same concentration of
inorganic mercury, in addition to other well-known target organs, and that these accumulations
appear to increase over time given constant exposure to inorganic mercuric bis-cysteine. Ongoing
work may include improving resolution and certainty of mercury compounds in the mucosa of
Oncorhynchus mykiss mucosa using high energy resolution fluorescence detected X-ray
absorption spectroscopy (HERFD-XAS).
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CHAPTER 8: GENERAL DISCUSSION

Methylmercury is widely recognized as a highly neurotoxic molecular compound with the
ability to cause multi-organ system effects, including devastating toxicity if exposure occurs in
utero. Exposure of human populations to this toxicant occurs primarily through consumption of
contaminated fish or seafood. One should not abstain from consumption however, as there are
many proven health benefits of consuming fish and seafood. Many countries, including Canada
have advisories to recommend acceptable quantities of consumption for different fish species.
These advisories are based off risk of the likelihood of increased (or decreased) contamination
with mercury. To safely consume fish and seafood, one must simply be aware of the varying risks
of mercury contamination. For example, Health Canada currently recommends eating no more
than 150 g (a single serving, or an amount nearly equivalent to the amount of fish present in a can
of tuna) a week (combined) of the following: shark, fresh/frozen tuna, swordfish, orange roughy,
escolar or marlin.? Further to that, women pregnant, breastfeeding, or intending to become
pregnant should consume no more than this same amount per month.! Many of these fish species
are considered to be top predator fish, tend to be quite large when caught, and have been seen to
contain high levels of mercury. Children 5-11 years of age should consume no more than 125 g
per month of the above specified species, and younger children aged 1-4 should consume no
more than 75 g. Canned tuna (excepting albacore canned tuna) are under no restrictive guidelines.
This is because any canned tuna categorized as “light” comes from smaller, younger fish species
including yellowfin, tongol or skipjack tuna which are unlikely to contain high levels of mercury.
Recommendations for canned albacore only exist for women who are or may become pregnant or
are breastfeeding. Here, consumption is suggested to be limited quantities of no more than 300 g
(approximately 2 cans) per week, with slightly more restrictive recommendations for younger
children.

It has been estimated that over a billion people globally depend on fish and seafood as
their primary protein source.? While it might be said that Canadians generally eat less fish or
seafood than these populations, there are certain populations within Canada having potentially
increased risk for methylmercury consumption due to dietary habits. These may include:
populations where fish is intertwined as a part of a traditional lifestyle with traditional practices
which may include a reliance on fish or whale caught as part of the diet, immigrant populations

coming from countries where consumption rates are generally higher, or populations residing in
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coastal areas compared to interior areas (e.g. the Prairies) of the country. For example, trends of
seasonally increased scalp hair mercury concentrations have been seen in pregnant Inuit women
consuming beluga whale, a traditional dietary source.® Here, scalp hair mercury concentrations
were seen to increase during summer months and decrease during the winter months when other
dietary sources, including lake trout became dominant.®

It has been noted that indigenous cultures may be more at risk for methylmercury
exposure (among other pollutants) due to the close proximity of traditional hunting and fishing
grounds to local industries such as pulp and paper mills, hydroelectric, or mining activities.* This
has come to be socially referred to as “environmental racism.” Cree Nation populations in the
James Bay area of northern Quebec, Canada have been seen to have increased blood mercury
concentrations in areas where traditional fishing grounds overlapped with varying industries,
especially hydroelectric and pulp and paper.* Methylmercury concentrations of fish including
pike, trout and walleye in these regions were commonly elevated.* First Nations communities
located in Grassy Narrows, Ontario were also severely impacted when inorganic mercury-
contaminated waste from a chlor-alkali facility was released into the English-Wabigoon river
system over a period of 8 years, from 1962-1970.° Inorganic mercury was methylated by sulfate-
reducing bacteria within the river system to the highly toxic form of methylmercury, which was
consumed by local human populations fishing and hunting in the river system areas. Recent
research has shown that mercury contamination of the varying lakes in the English-Wabigoon
river system has decreased since the 1970s. However, total mercury concentrations in fish tissue
are, at the low concentration end, averaging around or slightly higher than the Health Canada
tolerable daily intake value of 0.2 mg/kg body weight per day®, and at the high concentration end,
up to 12 times higher than the tolerable daily intake value.®> Controversy surrounding the issue of
remediation and compensation in the Grassy Narrows area is ongoing.

Rarely in history has there been such a devastating example of methylmercury
intoxication via consumption of contaminated fish and seafood as what occurred in Minamata,
Japan in the 1950s-1960s. The opportunity to investigate such rare and valuable specimens as
those which were obtained for the work in Chapter 3 truly became the cornerstone for this entire
body of research. Chapter 3 saw the examination of feline brain tissue from the famous Cat 717
experiments of the late 1950s, which had a hand in elucidating the source of the disease which
was spreading rampantly throughout Minamata City, Japan, at that time, and later through
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Niigata, Japan. Mercury high energy resolution fluorescence detected X-ray absorption
spectroscopy (HERFD-XAS) analysis of this brain tissue revealed the majority of mercury
remaining to be in an organic form, resembling methylmercury-L-cysteine (MeHg-L-Cys), with a
smaller inorganic portion in the form of inorganic mercuric sulfide.” This not only demonstrated
that the effluent being released from the factory contained organic mercury (originally assumed
to be inorganic mercury which became methylated within Minamata Bay), but also demonstrates
the impressive stability of mercury ligands in biological tissue. The sample obtained was quite
old and had been preserved in formalin for approximately 40 years, however, the organic and
inorganic ligands of mercury in the feline brain tissue remained.

Density functional theory was utilized to re-create the chemical processes occurring in the
chemical factory which lead to the presumed production of methylmercury. However, the
calculations indicated methylmercury to be an unlikely by-product. This work determined that an
alternative mercury species, a-mercuri-acetaldehyde, was the most likely by-product of the
chemical process, and then further to that, was the compound likely being released into Minamata
Bay during the years the process was used.” While this work appeared to be found quite
interesting by the general community,®? this particular observation was received as very
controversial in the scientific community, with a plethora of articles and discussion surrounding
it.1217 A theory on the discussion surrounding this publication is that a great deal of what is
known regarding methylmercury toxicokinetics and toxicodynamics was acquired from the
Minamata tragedy. In turn, if the chemical compound suggested to be the root of the toxicity was
not in fact, methylmercury, then perhaps what is “known” about methylmercury toxicity can be
questioned. Regardless of the reason for the somewhat heated discussion, it raises an interesting
guestion about the toxicities of alternative organic mercury species. A search of the Cambridge
Crystal Structure Database indicates that 1604 organometallic mercury compounds have been
structurally characterized. Even while recognizing that not every one of these 1604 species is
biologically or environmentally relevant, research on organic species is primarily focussed on one
single species, methylmercury. Methylmercury is by and far the most commonly studied organic
mercury species, likely due to its known prevalence in the environment, particularly in aquatic
settings. A logical question seems to be: what other species might be biologically or
environmentally relevant that have not been researched? Under what circumstances are they

likely to become problematic in an environmental or biological setting? Might it be reasonable to
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suggest that organic species beyond methylmercury (or dimethylmercury) exist in the
environment? And if so, how might their properties differ from methylmercury? For example, if
a-mercuri-acetaldehyde was the dominant contaminant of the effluent waste in the in the
Minamata tragedy, future research should focus on its toxicity and on understanding what
transformations might have occurred within the environment as well as within aquatic organisms.
In this case, the clinical symptoms exhibited by Cat 717 appeared to be reflective of
methylmercury intoxication.'® It is likely that this compound is metabolized into a species
resembling methylmercury. Further work is necessary to characterize this organic mercury
compound.

The work completed in Chapter 3 and Chapter 4 demonstrated the strength of X-ray
absorption near-edge analysis, EXAFS and HERFD techniques in analyzing historical biological
tissue for in situ metals having dilute concentrations. With these technigues, samples require little
to no pre-treatment, and any phase (gas, liquid, solid) can be examined. Examination of a variety
of historical samples has been seen in other fields using XAS techniques (including X-ray
fluorescence imaging). A handful of recent publications on such samples has ranged from XFlI
and XAS analysis of ancient weapons from early Medieval times to investigate metal processing
techniques,'® XAS analysis of elemental composition on thin layers of paint from famous
Leonardo da Vinci paintings, including the Mona Lisa, to further understand his meticulous
painting techniques of flesh tones,?® and XFI to investigate copper, zinc and lead in toenails of a
seaman who was part of the Franklin Expedition of 1845 to 1848 to the result of determining that
perhaps the leading cause of death was not excessive lead exposure but rather due to zinc
deficiency related to diet.?! Future work related to Chapter 3 includes the analysis of mercury
species in hair samples and umbilical cord samples from victims of Minamata disease in Niigata,
Japan, which occurred shortly after that in Minamata, Japan and under similar circumstances.
Additional work completed (not shown here, and unpublished) includes mercury and selenium
HERFD-XAS on a range of fish species including swordfish, whale, and tuna which are known
to bioaccumulate toxic concentrations of mercury.

Chapter 4 saw the examination of a variety of rare and unique human brain tissue samples
collected from individuals who had experienced either an acute exposure or were classified as
having a chronic exposure to mercury given a lifetime of consuming marine fish and seafood

which may contain elevated mercury concentrations. This chapter revealed that, at least in the
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brain tissue samples examined, the chemical species of mercury were different when comparing
an acute and chronic exposure. Specifically, inorganic mercury species dominated historical cases
of acute exposures to organometallic mercury while the mercury present in individuals
considered to have chronic, low-level exposures remained entirely organic in nature. The
implications of this will likely be controversial. Nevertheless, this result indicates that acute
exposures to mercury may not be a reliable reference for chronic mercury exposure, which occurs
globally and arguably, far more frequently in human populations.

A direct comparison of brain tissue preserved in formalin and that which had been
cryopreserved, being taken from the same individual, revealed no differences in mercury
speciation in Chapter 4. The question of the effects of differing preservation methods on mercury,
specifically regarding accumulation and distribution were further examined in Chapter 5.
Conclusions were that methacrylate embedding had no major impact on either accumulation or
distribution of mercury in the vertebrate model organism (Danio rerio) in the larval stage after
exposure to MeHg-.-Cys and when compared with similarly aged and treated larval zebrafish
which had been cryopreserved. However, the same conclusion could not be made for many of the
other endogenous elements investigated, including potassium, calcium, copper, sulfur and zinc.
This might prove a cautionary tale to researchers interested in chemical form in biological tissue.
Further work could include performing chemically specific imaging on comparable sections of
larval zebrafish which had undergone differing preservation methods to determine whether
differences also existed in the chemical form of elements present, as that was not investigated in
this work. Briefly, chemically-specific imaging allows for the creation of XFI maps of different
chemical forms of an element, and can be taken further by pin-pointing elemental “hotspots”
using the image created and determining their specific chemical form using X-ray absorption
near-edge spectra (at beamlines which have this capability). These two techniques were first
demonstrated together by investigating the qualitative and quantitative distributions of different
forms of selenium in the selenium-accumulating plant Astragalus bisulcatus.??

Chapter 6 also utilized larval zebrafish as a vertebrate model, but here to investigate the
effect of compounds which were assumed to competitively inhibit the toxicologically insidious
compound MeHg-.-Cys for L-type neutral amino acid transporters (LAT1 and LAT?2). These
transporters are currently assumed to aid in the transportation of organometallic mercury in the

human body, specifically at the blood-brain and blood-placental barrier. Here we had
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hypothesized that competitive inhibition from a variety of LAT substrates (L-phenylalanine, r-
methionine) and a LAT analog (BCH) would result in reduced mortality in zebrafish which were
co-exposed with one of the above concurrently with MeHg-L-Cys, which was seen. A significant
reduction in mercury concentration in a variety of target organs was also seen using XFI.
However successful the mortality assays were, the results of XFI indicated that even while
mercury concentrations were significantly reduced in target organs, the LAT “blockers” utilized
were only moderately preventative in terms of accumulation, as mercury was still present in all
target organs. This could indicate that the competitive inhibition of these particular blockers is
not entirely efficient, or that transportation of organomercury is still occurring via other
transporters or mechanisms (passive diffusion), or that both of these are occurring. Further work
might include extending the experimental timeline to observe how much longer zebrafish which
had been co-exposed to methylmercury and LAT blockers survived compared to the
methylmercury treated group alone. Perhaps they would expire shortly after the timeline utilized
in this experiment, which would then indicate that inhibiting LAT is relatively ineffective for
reducing longer term exposure to methylmercury, at least when using mortality as an endpoint.
Or perhaps the protectiveness of the blood-brain barrier would increase, as the blood-brain barrier
of larval zebrafish has been estimated to become mature between 3-10 dpf,? with the mMRNA
encoding LAT1 been seen to be expressed at 18 hours post-fertilization.?*

Future research investigating LAT transport of methylmercury using zebrafish might
include a focus on increasingly frontal transverse head sections which include less eye lens and
more brain matter. It could be interesting to attempt to visualize changes in accumulations or
distributions within the brain tissue in methylmercury-exposed larval zebrafish in small
increments of time, such as 4, 8, 12, 24, 36, 48 hours post-exposure. If visualization proved
possible, it might be helpful to utilize a beamline such as BioXAS (Canadian Light Source,
Saskatoon, SK) which has the ability to alternate between micro- and nano-modes in fluorescence
imaging. At such a beamline, one could collect a micro-scale fluorescence map, identify areas of
interest, and collect fluorescence maps at a nano-scale during the same beamtime. As an example,
recent research has shown the formation of mixed chalcogenide HgSxSe(1-x) particles in various
target tissues of larval zebrafish after exposure to inorganic mercury in the relatively short time
frame of 24-36 hours of exposure beginning at 3 dpf.2> Here, mercury sequestration was clearly

very fast, but more might be learned if sections were collected in a series beginning at earlier
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time points. Using this set-up, it should be possible to see how quickly mercury accumulates in
different target tissues.

Future work might also explore the differing toxicities of MeHg-L-Cys compared to
methylmercury-p-cysteine (MeHg-p-Cys). This compound was included in Chapter 6 to
demonstrate the stereoselectivity of LAT transporters (L-system transporters) but with an
unexpected result. Here we saw that MeHg-p-Cys was taken up in target organs in head sections
in concentrations which were not significantly different from MeHg-.-Cys, and yet, survival of
zebrafish in MeHg-p-Cys was markedly increased compared to MeHg-L-Cys. The reason for this
was unclear. The stereoselectivity of LAT is well reported in the literature. However, less
frequently, the opposite has also been demonstrated. Wang et al. exposed a human hepatoma cell
line to various organomercury compounds including complexes of methylmercury with L- and p-
cysteine and observed that while uptake was certainly less when in the complex with p-cysteine,
it did occur to some extent.2® Mokrzan et al. found the uptake of MeHg-p-Cys to be lower
compared to MeHg-L-Cys when the same concentration of both was used to treat cultured brain
capillary endothelial cells which are an in vitro model for the blood-brain barrier.?’ Yet other
work is in agreement, demonstrating that MeHg-p-Cys is taken up in the brain of a rat model
when injections occurred via the carotid, even while this uptake was reduced compared to MeHg-
L-Cys.? Recent work has focussed on re-evaluating what is typically accepted about LAT
stereoselectivity, suggesting that p- and L- enantiomers exhibit different binding behaviors?®
which may explain the differing affinities.

A final thought on work involving zebrafish pertains to the observed differing
susceptibilities of various wildtype zebrafish strains to methylmercury toxicity. During the course
of the described research, two well-established strains of adult wildtype zebrafish were available
for mating; AB and Tibingen (TU) which were reared in the new LASU facility on campus.
Prior to that, in research not included in this thesis but nevertheless assisted in and
published,?>3%31 3 wildtype zebrafish strain purchased from a generic pet store was maintained in
a fish facility located in Health Sciences. The biggest difference in sensitivity to methylmercury
was seen between the pet store variety and both AB and TU strains, where the former could be
exposed to concentrations ranging from 0.2-100 puM, surviving an exposure period of 24 hours at
the highest concentration and 84 hours at the lowest concentration,*? and concentrations of 1-2

UM methylmercury chloride and MeHg-L-Cys being commonly used for 36 hour exposures.3334
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In marked contrast, through range-finding assays it was determined that 0.2 pM was the highest
concentration usable for a 48-hour exposure to MeHg-.-Cys using AB and TU strains.
Differences between AB strains and TU strains were also noticed in regards to methylmercury
sensitivity, with AB being more sensitive to methylmercury toxicity. This idea was not further
explored in this theses, however, because of this difference the wildtype zebrafish used was
exclusively TU. It is interesting to note that a work colleague observed a similar pattern of
increased sensitivity of the AB strain to selenium exposures. A reason for this might simply be
genetic background. Interestingly, this increased sensitivity did not appear to translate when
HgCl> was utilized (see Chapter 7). The concentration of this compound was based off of earlier
work which was done using the pet store wildtype zebrafish,*® with no increased sensitivity noted
in TU strains. A commonly utilized zebrafish information network (ZFIN)® lists 32 different
wildtype strains, a list which may not be exhaustive. It could be interesting to examine
differences in sensitivity more thoroughly. This has been explored using various behavioral
endpoints, 37 but not with mercury toxicity.

Chapter 7 explored the accumulations and distributions of organic and inorganic mercury
species in the mucosal-associated tissue of larval zebrafish as well as the interactions between
organic and inorganic mercury and mucosa which had been collected from steelhead trout
(Oncorhynchus mykiss) reared in a local aquaculture facility. This work demonstrated a target
area of accumulation of both organic and inorganic mercury in larval zebrafish that, to our
knowledge, has never been identified. The discovery of this was quite accidental, and became the
beginning of this exploration of a possible mechanism of defense against mercury species in at
least one teleost fish, steelhead trout. Mercury was seen to increase in this target area over time in
larval zebrafish after exposure to one form of inorganic mercury. This accumulation was
(statically) observed in more than one mercury species (inorganic and organometallic). The most
surprising result came from the comparison between titrations of an organic and inorganic
mercury species with the trout mucosa, which, at the lowest organometallic mercury
concentration used, appeared to have become nearly demethylated.

One observation that came from this work was the elevated mercury concentrations
present in the gut tube of organomercury-treated zebrafish. This can initially be difficult to
visualize until one begins changing the intensity scale of the image, as was being done here to

observe the mercury in the mucosal-associated epithelial layer. This is in contrast to what is seen
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in zebrafish treated with inorganic mercury where changing the intensity scale does not reveal
increased mercury concentrations in this location. Methylmercury is known to be highly absorbed
(approximately 95%) in the gastrointestinal tract®® while inorganic mercury absorption in this
area is thought to be very low (7-15%).%° The intestinal tract has also been shown to be a location
where demethylation of organic mercury via the gut microbiome occurs. This could be
interesting to study in larval zebrafish, as accumulation is clearly occurring in the gut tube after
organomercury exposure. Future work might include collecting fluorescence maps of exposed
zebrafish throughout an extended time frame followed by collecting XAS spectra to see if
mercury species are primarily organic nature at earlier time points followed by inorganic mercury
at later time points where mercury had become demethylated.

Increased replication is needed for this data, especially in the lower concentration
methylmercury titrations which produced such a unique result. If this result could be confirmed
in trout mucosa it would certainly be of interest to observe whether demethylation occurs in the
mucosa of other fish, including both freshwater and marine species. As well, this work would
likely benefit from using the HERFD-XAS technique to increase confidence in the mercury
species being identified. The same could be said for sulfur, as the sulfur species were rather
difficult to identify. However, the resolution at the sulfur K-edge using the HERFD-XAS
technique is currently limited by monochromator resolution. The technology and methodology
behind the methods employing synchrotron radiation is continually improving. The newer, 4™
generation synchrotron radiation sources give the opportunities for enhancements of many
techniques, especially those that are brilliance limited, such as XFI and HERFD-XAS. The
availability of smaller spot sizes should allow for improved spectrometer resolution, and the
advantages of higher resolution monochromator designs might provide additional advantages.
However, increased energy resolution can be hindered by the limitations on flux density. As well,
one must be cautious of photo-damage effects that may be a result of the smaller spot size and
resulting increased flux density in the HERFD-XAS technique. Mercury has been seen to be
vulnerable to photoreduction effects. To circumvent this, a new area of the sample was
interrogated for each sweep of the data (Chapters 3 and 4), with shutters being employed to
prevent X-rays from interacting with the sample in any moment besides active data collection.

With the new sources, combining HERFD-XAS and XFI is a possibility. Here, the ability to
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rapidly scan a HERFD-XAS spectrum for each pixel of an XFI image could give vastly improved
capabilities.

Human populations are exposed to various forms of organic and inorganic mercury
through a wide variety of sources, both natural and anthropogenic. The leading source of
anthropogenic emissions of mercury into the environment occurs through the generation of coal-
fired power. An updated estimate places current atmospheric anthropogenic mercury
contributions at 450% greater than what might be expected from natural sources.*° This value
includes what is referred to as “legacy emissions,” defined as non-current emissions which
continue to cycle throughout the environment in the present day. This same assessment on the
current state of global mercury estimates East and Southeast Asia as the largest contributors to
atmospheric mercury from anthropogenic sources, with large contributions coming from fuel
combustion, various industrial sectors, product waste and artisanal and small-scale gold mining.*°
The only other areas of the world which surpassed these contributions in any of the listed sectors
were South American and sub-Saharan African contributions from artisanal and small-scale gold
mining.*° Locally, Saskatchewan relies on the burning of coal for approximately 30% of
provincial power which comes from three large coal-fired power plants including Boundary Dam
(Estevan, SK), Shand Power Station (Estevan, SK) and Poplar River Power Station (Coronach,
SK).*! Provincial plans regarding coal-fired power currently include retiring facilities which are
older than 50 years as well as retrofitting existing facilities to accommodate carbon capture and
storage by the year 2030.%* Current global initiatives regarding mercury include the Minamata
Convention on Mercury, an international treaty introduced in 2013 dedicated to reducing global
mercury pollution for protection of both human health and the environment.*? Aims of this treaty
broadly apply to supply and trade of mercury-containing products, emissions of mercury into
environmental compartments from industrials processes, proper waste management and reduction
or elimination of mercury mining or mining operations which cause the release of mercury, to
name a few.*? This treaty currently has 128 signatories and 130 ratifications; Canada signed in
2013.42

Despite the toxicity of mercury and the potential for acute and chronic exposure in human
populations, the mechanisms of mercury’s rapid transport throughout the human body, of its
toxicity, and of the human body’s defenses are still not fully characterized. Exposure of human

populations to mercury is a worldwide health concern given rising industrial and mining
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activities, increasing global temperatures resulting in melting of permafrost and polar ice which
can contain high levels of mercury, and the large human populations which regularly consume
fish and seafood which have increased risk for mercury contamination. The aim of this research
was to increase knowledge on organometallic mercury toxicity and dynamics in human brain
tissue as well as in the zebrafish vertebrate model. Here we were able to uncover complexities
regarding the transportation of organic mercury in the human body, raise new questions about
defensive mechanisms in teleost fish against organic and inorganic mercury, highlight the
importance of careful selection of preservation method in the study of endogenous elements, dive
deeper into the root cause of a most infamous, historic example of mass organic mercury
poisoning, and perhaps most importantly, present an entirely new perspective on the differences

between acute and chronic exposures of humans to organometallic mercury compounds.

213



8.1 References

(1) Health Canada. Mercury in fish: Question and Answers. Retrieved from:
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/chemical-
contaminants/environmental-contaminants/mercury/mercury-fish-questions-answers.html

(2) World Health Organization. Global and regional food consumption patterns and trends.
Retrieved from:
https://www.who.int/dietphysicalactivity/publications/trs916/en/gsfao_global.pdf

(3) de Moraes Pontual, M., Ayotte, P., Little, M., Furgal, C., Boyd, A.D., Muckle, G., Avard, E.,
Ricard, S., Gauthier, M-J., Anassour-Laouan Sidi, E., Lemire, M. Seasonal variations in
exposure to methylmercury and its dietary sources among pregnant Inuit women in Nunavik,
Canada. Sci. Tot. Environ. 2021, 755, article number 143196.

(4) Moriarity, R.J., Liberda, E.N., Tsuji, L.J.S. Using a geographic information system to assess
local scale methylmercury exposure from fish in nine communities of the Eeyou Istchee
territory (James Bay, Quebec, Canada). Environ. Res. 2020, 191, article number 110147.

(5) Kinghorn, A., Solomon, P., Chan, H.M. Temporal and spatial trends of mercury in fish
collected in the English-Wabigoon river system in Ontario, Canada. Sci. Total Environ.
2007, 372, 615-623.

(6) Legrand, M., Feeley, M., Tikhonov, C., Schoen, D., Li-Muller, A. Methylmercury blood
guidance values for Canada. Can. J. Public Health 2010, 101, 28-31.

(7) James, A.K., Nehzati, S., Dolgova, N.V., Sokaras, D., Kroll, T., Eto, K., O’Donoghue, J.L.,
Watson, G.E., Myers, G.J., Krone, P.H., Pickering, 1.J., George, G.N. Rethinking the
Minamata tragedy: What mercury species was really responsible? Environ. Sci. Technol.
2020, 54, 2726-2733.

(8) CBC Radio interview. February 27, 2020.
https://www.cbc.ca/news/canada/saskatoon/mercury-poisoning-discovery-minamata-disease-
saskatchewan-research-cat-brain-1.5476569

(9) University of Saskatchewan media release. February 13, 2020. https://news.usask.ca/media-
release-pages/2020/usask-research-identifies-potential-cause-of-minamata-mercury-
poisoning.php

(10) SLAC National Accelerator Laboratory media release. February 21, 2020.
https://wwwé.slac.stanford.edu/news/2020-02-21-researchers-identify-new-culprit-
minamata-mercury-poisoning-tragedy.aspx

(11) Science Daily news release. February 13, 2020.
https://www.sciencedaily.com/releases/2020/02/200213135755.htm

214



(12) Science Magazine news article. March 24, 2020.
https://www.sciencemag.org/news/2020/03/mysterious-chemical-found-dead-cats-brain-
reopens-debate-over-mercury-poisoning

(13) Smithsonian magazine news article. March 26, 2020.
https://www.smithsonianmag.com/smart-news/debate-over-mercury-poisoning-disaster-
revived-dead-cats-brain-180974515/

(14) Tohyama, C. Comment on “Rethinking the Minamata tragedy: What mercury species was
really responsible?” Environ. Sci. Technol. 2020, 54, 8486-8487.

(15) James, A K., Nehzati, S., Dolgova, N.V., Sokaras, D., Kroll, T., O’Donoghue, J.L., Watson,
G.E., Myers, G.J., Krone, P.H., Pickering, 1.J., George, G.N. Reply to comments on
“Rethinking the Minamata tragedy: What mercury species was really responsible?” Environ.
Sci. Technol. 2020, 54, 8488-8490.

(16) Balogh, S.J., Tsui, M.T-K. Comment on “Rethinking the Minamata tragedy: What mercury
species was really responsible?” Environ. Sci. Technol. 2020, 54, 8482-8483.

(17) James, A K., Nehzati, S., Dolgova, N.V., Sokaras, D., Kroll, T., O’Donoghue, J.L., Watson,
G.E., Myers, G.J., Krone, P.H., Pickering, 1.J., George, G.N. Reply to comments on

“Rethinking the Minamata tragedy: What mercury species was really responsible?”” Environ.
Sci. Technol. 2020, 54, 8484-8485.

(18) Eto, K., Yasutake, A., Nakano, A., Akagi, H., Tokunaga, H., Kojima, T. Reappraisal of the
historic 1959 cat experiment in Minamata by the Chisso factory. Tohoku J. Exp. Med. 2001,
194, 197-203.

(19) Grolimund, D., Senn, M., Trottmann, M., Janousch, M., Bonhoure, I., Acheidegger, A.M.,
Marcus, M. Shedding new light on historical metal samples using micro-focused synchrotron
X-ray fluorescence and spectroscopy. Spectrochim. Acta B. 2004, 59, 1627-1635.

(20) de Viguerie, L., Walter, P., Laval, E., Mottin, B., Sole, V.A. Revealing the sfumato
technique of Leonardo da Vinci by X-ray fluorescence spectroscopy. Angew. Chem. Int. Ed.
2010, 49, 6125-6128.

(21) Christensen, J.R., McBeth, J.M., Sylvain, N.J., Spence, J., Chan, H.M. Hartnell’s time
machine: 170-year-old nails reveal severe zinc deficiency played a greater role than lead in
the demise of the Franklin Expedition. J. Archaeol. Sci. Rep. 2017, 16, 430-440.

(22) Pickering, 1.J., Prince, R.C., Salt, D.E., George, G.N. Quantitative, chemically specific
imaging of selenium transformation in plants. Proc. Natl. Acad. Sci. USA. 2000, 97, 10717-
10722.

(23) Fleming, A., Diekmann, H., Goldsmith, P. Functional characterisation of the maturation of
the blood-brain barrier in larval zebrafish. PLOS One 2013, 8, article number e77548.

215



(24) Walter, K.M., Dach, K., Hayakawa, K., Giersiefer, S., Heuer, H., Lein, P.J., Fritsche, E.
Ontogenic expression of thyroid hormone signaling genes: An in vitro and in vivo species
comparison. PLOS One 2018, 14, article number e0221230.

(25) MacDonald, T.C., Korbas, M., James, A.K., Sylvain, N.S., Hackett, M.J., Nehzati, S.,
Krone, P.H., George, G.N., Pickering, 1.J. Interaction of mercury and selenium in the larval
stage zebrafish vertebrate model. Metallomics 2015, 7, 1247-1255.

(26) Wang, W., Clarkson, T.W., Ballatori, N. y-glutamyl transpeptidase and r-cysteine regulate
methylmercury uptake by HepG2 cells, a human hepatoma cell line. Toxicol. Appl.
Pharmacol. 2000, 168, 72-78.

(27) Mokrzan, E.M., Kerper, L.E., Ballatori, N., Clarkson, T.W. Methylmercury-thiol uptake into
cultured brain capillary endothelial cells on amino acid system L. J. Pharmacol. Exp. Ther.
1995, 272, 1277-1284.

(28) Kerper, L.E., Ballatori, N., Clarkson, T.W. Methylmercury transport across the blood-brain
barrier by an amino acid carrier. Am. J. Physiol. 1992, 262, R761-R765.

(29) Chien, H.C., Colas, C., Finke, K., Springer, S., Stoner, L., Zur, A.A., Venteicher, B.,
Campbell, J., Hall, C., Flint, A., Augustyn, E., Hernandez, C., Heeren, N., Hansen, L.,
Anthony, A., Bauer, J., Fotiadis, D., Schlessinger, A., Giacomini, K.M., Thomas, A.A.
Reevaluating the substrate specificity of the L-type amino acid transporter (LAT1). J. Med.
Chem. 2018, 61, 7358-7373.

(30) MacDonald, T.C., Nehzati, S., Sylvain, N.J., James, A.K., Korbas, M., Caine, S., Pickering,
1.J., George, G.N., Krone, P.H. Phenylthiourea alters toxicity of mercury compounds in
zebrafish. J. Inorg. Biochem. 2015, 151, 10-17.

(31) MacDonald, T.C., Sylvain, N.J., James, A.K., Pickering, 1.J., Krone, P.H., George, G.N.
Effects of inorganic mercury on the olfactory pits of zebrafish larvae. Metallomics 2016, 8,
514-517.

(32) Korbas, M., Blechinger, S.R., Krone, P.H., Pickering, 1.J., George, G.N. Localizing
organomercury uptake and accumulation in zebrafish larvae at the tissue and cellular level.
Proc. Natl. Acad. Sci. USA. 2008, 105, 12108-12112.

(33) Korbas, M., Krone, P.H., Pickering, 1.J., George, G.N. Dynamic accumulation and
redistribution of methylmercury in the lens of developing zebrafish embryos and larvae. J.
Biol. Inorg. Chem. 2010, 15, 1137-1145.

(34) Korbas, M., MacDonald, T.C., Pickering, 1.J., George, G.N., Krone, P.H. Chemical form
matters: Differential accumulation of mercury following inorganic and organic mercury
exposures in zebrafish larvae. ACS Chem. Biol. 2012, 7, 411-420.

(35) The zebrafish information network (ZFIN). https://www.zfin.org

216



(36) Liu, X., Guo, N., Zhang, Y., Chen, X.Q., Li, S., He, L., Li, Q. Strain dependent differential
behavioral responses of zebrafish larvae to acute MK-801 treatment. Pharmacol. Biochem.
Behav. 2014, 27, 82-89.

(37) Audira, G., Siregar, P., Strungaru, S.A., Huang, J.C., Hsiao, C.D. Which zebrafish strains
are more suitable to perform behavioral studies? A comprehensive comparison by phenomic
approach. Biology-Basel 2020, 9, article number 200.

(38) World Health Organization (WHO). Environmental Health Criteria 101: Methylmercury.
International Programme on Chemical Safety, Geneva, Switzerland, 1990.

(39) World Health Organization (WHO). Environmental Health Criteria 1: Mercury. International
Programme on Chemical Safety, Geneva, Switzerland, 1976.

(40) UN Environment. Global mercury assessment 2018. UN Environment Programme (UNEP)
Chemicals and Health Branch, Geneva, Switzerland, 2019.

(41) SaskPower. Coal. Retrieved from: https://www.saskpower.com/Our-Power-Future/Our-
Electricity/Electrical-System/Balancing-Supply-Options/Coal

(42) Minamata Convention on Mercury. UN Environment Programme (UNEP) Chatelaine,
Switzerland. Retrieved from: https://www.mercuryconvention.org/

217



APPENDIX A

SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Table A.2.1: Definitions of symbols from all numerical equations in Chapter 2.

Symbol Definition Equation | Page
number | number
A; Absorbance, measured by transmittance 2.1 33
U X-ray absorption coefficient 2.1 33
X Sample depth 2.1 33
In Natural log 2.1 33
I, X-ray beam intensity incident on sample 2.1 33
I X-ray beam intensity post-sample 2.1 33
Af Absorbance, measured by fluorescence 2.2 33
x Proportional to 2.2 33
I Intensity of fluorescence 2.2 33
X(E) EXAFS oscillations 2.3 37
u(E) X-ray absorption coefficient p as a function of 2.3 37
X-ray energy, E
Uo(E) Non-oscillatory part of the X-ray absorption 2.3 37
coefficient , specified as a function of X-ray
energy, E
x(k) EXAFS 2.4 38
N Coordination number 2.4 38
Si(k) | Amplitude reduction function, specific to shell i 2.4 38
(and also fi(k), below)

fi(k) EXAFS amplitude function 2.4 38
K Photoelectron wave vector 2.4 38

R Path-length 2.4 38
So? Total amplitude reduction factor 2.4 38
AK) Photoelectron mean free path function 2.4 38
o Mean-square deviation in R (Debye-Waller) 2.4 38
i(K) EXAFS backscatterer phase shift function 2.4 38
oc(K) EXAFS absorber phase shift function 2.4 38
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR CHAPTER 3

The publication of “Rethinking the Minamata tragedy: What mercury species was really
responsible?”” was received with some controversy in the scientific community. Below are two
reply articles which have been published in Environmental Science and Technology in response
to two comment articles which were also published in the same journal. Citations for comment

articles are included before the text of each reply piece.

REPLY TO COMMENTS ON “RETHINKING THE MINAMATA TRAGEDY: WHAT
MERCURY SPECIES WAS REALLY RESPONSIBLE?*!

Citation for comment: Tohyama, C. Environ. Sci. Technol. 2020, 54, 8486-8487.

Supplementary text B.3.1

Professor Tohyama criticizes our recent ES&T paper,? which addressed the chemical
species of mercury involved in the poisoning at Minamata. Pollution from a nearby chemical
plant employing mercury catalysts resulted in mercury contents ranging from 10 to >100 ppm in
seafood consumed by the local population.® Tohyama states that we ignored the old literature
which, he contends, incontrovertibly proved that methylmercury was the sole cause of Minamata
disease. Our scientific team has a long track record of published mercury research, and certainly
was aware of the early ground-breaking Japanese work. Our recent research? began with the
opportunity to examine a historically important sample; the brain of Cat 717. Analytical methods
have recently advanced, but we nonetheless expected to confirm previous findings of
predominant inorganic mercury.* Instead we found that the major mercury species was
organometallic mercury, with a minor inorganic component of B-mercuric sulfide.? We next
computationally examined the possible chemistry and by-products of the industrial process. Our
calculations showed that generating methylmercury in the plant would be very difficult, and that
more likely by-products were a-mercuri-acetaldehyde compounds. Our work? relates directly to
the mercury species received by Cat 717. The chemical plant waste causing Minamata disease
was likely a mixture of multiple mercury species, but the prominent presence of a-mercuri-
acetaldehyde and related compounds seems probable. Prompted by our unexpected findings, and

given that the evidence suggested that the plant waste already contained organometallic mercury,
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we questioned whether biomethylation played any role. Because the organometallic mercury
from the plant was likely a form other than methylmercury, we went still further and suggested
that a-mercuri-acetaldehyde or related compounds and not methylmercury might have been
responsible for Minamata disease.?

Tohyama disagrees with our suggestions since he feels that prior work provided definitive
proof that methylmercury was responsible. He cites nine corroborating points as evidence, which
fall into two categories — the clinical symptomatology and the extremely high degree of mercury
exposure. These points are consistent with methylmercury as a cause, but do not constitute proof.
Points (a) and (c) allude to symptoms, pathologies and signs, expected to be similar for related
mercury chemical species. (b) and (f) reference elevated total mercury, but not a specific
chemical form. His remaining points are subject to how reliably methylmercury was in fact
determined — in tissues (d), (e), (9), (h), or in sludge and wastewater (i), and whether other
mercury forms eluded detection.

We recognize the extraordinary efforts needed to isolate specific mercury compounds
from complex samples such as tissues containing just traces of mercury. Tohyama cites studies of
industrial wastes from the chemical factory,® and of shellfish,® which characterized isolated
materials by standard chemical analysis methods following multiple solvent extractions and
distillations. The species isolated from the complex mixture comprising the industrial waste
distinctly resembled methylmercury chloride.® For shellfish, researchers concluded that the
isolated material contained a mercury-carbon bond,® suggesting it was “most reasonable to assign
the isolated crystals to methyl-methylmercuric sulfide” (CHsHgSCHa), but did not claim
definitive identification. Indeed, the isolated compound was subsequently discussed as bis-
methylmercury-sulfide (CHzHg)2S,’ or higher alkylmercury derivatives. As a 1982 letter to
ES&T discussed, the isolated compound was likely an alkylmercury derivative, rather than
specifically methylmercury.® Whether the isolated compounds were major or minor components
remains unclear. It is thus plausible that methylmercury was not the predominant form in the
plant waste and that unequivocal proof of methylmercury as the sole cause of Minamata disease
is lacking. —

When these early studies were conducted, methylmercury analytical methods were still
being refined.!®* One issue with methods employing a mobile phase to estimate methylmercury
is that an unsuspected organometallic mercury species might be missed altogether due to its
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differing mobility.? The advantages (and disadvantages) of in-situ techniques are increasingly
realized. X-ray absorption spectroscopy and its derivatives collectively referred to as advanced
X-ray spectroscopy are especially well-suited to studies of tissues or environmental samples;
essentially no sample pre-treatment is required and, since detection depends upon basic atomic
physics, no mercury present is missed. The latter is an obvious strength, but also a weakness
because minor components in complex mixtures might be obscured by the major species.

Professor Tohyama questions that biomethylation was considered as a source of
methylmercury in Minamata disease, stating that the cause was direct release of methylmercury.
Regardless, the biomethylation scenario was certainly postulated and debated.* One popular
toxicology textbook, Casarett & Doull’s Toxicology: The Basic Science of Poisons®® states, “In
the 1950s, industrial discharges of mercury into Minamata Bay in Japan became biomethylated to
form methyl mercury, which then accumulated in the food chain and reached toxic concentrations
in the fish and shellfish consumed in the surrounding communities.” Additionally, A Textbook of
Modern Toxicology®® states, “In Japan in the 1950s and 1960s, wastes from a chemical and
plastics plant containing mercury were drained into Minamata Bay. The mercury was converted
to the readily absorbed methylmercury by bacteria in the aquatic sediments.” Many journal
articles also discuss this.>1"-1

Professor Tohyama suggests that the toxicological properties of a-mercuri-acetaldehyde
and related compounds should be evaluated, and we are already preparing to do this. While
methylmercury compounds are extensively studied as known species in the natural
biogeochemical mercury cycle,?® toxicological studies of other organometallic mercury
compounds include just ethylmercury and phenylmercury species. Methylmercury and
ethylmercury compounds show distinct but similar toxicological profiles,??? and comparable
localization patterns in exposed larval zebrafish.?® Phenylmercury differs in apparently lacking
teratogenicity and somewhat resembling inorganic mercury.?4?> The mercury-phenyl carbon
bond is more susceptible to protonolysis,?® which could form inorganic mercury in vivo. We
expect a-mercuri-acetaldehyde species to somewhat resemble ethylmercury in their toxicology,
but further studies are needed. Moreover, as we discuss,? the environmental fate of these
compounds is also unknown; evaluating this and the toxicology requires considerable work

beyond our paper’s scope.?
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We recognize the toxic hazards posed by organometallic mercury compounds and the
significant toxicity of methylmercury at sufficient exposure levels.?” Although we cited over 50
papers,”> Minamata disease literature is vast and we may have missed articles that others consider
important. With all due respect we point out that much of the early work at Minamata was not

completely conclusive, and contend that a scientific explanation of our findings is needed.
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REPLY TO COMMENTS ON “RETHINKING THE MINAMATA TRAGEDY: WHAT
MERCURY SPECIES WAS REALLY RESPONSIBLE?*!

Citation for comment: Balogh, S.J., Tsui, M.T.K. Environ. Sci. Technol. 2020, 54, 8482-8483.

Supplementary text B.3.3

Here we respond to correspondence by Balogh and Tsui who are critical of our recent ES&T
publication which discussed the chemistry behind the Minamata tragedy.? Our study had two
components, an advanced X-ray spectroscopy investigation of a historical brain tissue sample
(Cat 717), and a computational chemistry study of the major chemical processes in the industrial
plant. Previous chemical analyses of both the brain and of the chemical plant waste,® using the
most advanced methodology then available, indicated that inorganic mercury forms were
predominant in both. We found an unexpected and strikingly different result. The major mercury
species in the brain of Cat 717 was found to be organometallic mercury, with a smaller inorganic
component of B-mercuric sulfide. It seemed to us that this scientific finding deserved an
explanation, and so we proceeded to investigate by rethinking the possible chemistry. Our
findings led us to conclude that a different organometallic compound might have been important,
a-mercuri-acetaldehyde, known chemically for decades, but having completely unexplored
toxicology. We realized that this suggestion would be controversial.

Balogh and Tsui dismiss the experimental component of our work, asserting that the original
speciation “is now unknowable”. They support their contentions by citing a brief conference
report* which suggests that methylmercury might be released into formalin preservative. More
recent and comprehensive studies® suggest that this may not be true. Irrespective of this, possible
losses and speciation changes of both mercury and selenium in the decades-old sample of Cat
717 preserved in formaldehyde (not paraffin embedded) are certainly a major concern. Indeed,
our paper? provides an appropriately cautious discussion of this, but these deliberations are
ignored by Balogh and Tsui. We refer the reader to our ES&T paper for more details.?

Balogh and Tsui review some of the older analytical evidence supporting methylmercury as a
causative agent. We are aware of this prior work but do not agree that it constitutes
incontrovertible proof of methylmercury as a cause for Minamata disease. Balogh and Tsui
oversimplify analytical methodology and do not take into account the potential pitfalls that we
discuss in our ES&T paper.? Conclusions of the early studies were subject to how reliably

methylmercury was in fact determined in early studies of tissues, sludge and wastewater; using
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the methods available at the time other mercury forms could have eluded detection. There are a
number of analytical methods for quantitative methylmercury estimation,®® but in the 1950’s and
60’s these were not yet well developed. The authors of the early reports are less emphatic in
stating their conclusions than are Balogh and Tsui. While it is true that a-mercuri-acetaldehyde or
related compounds were never “observed”, it is also true that they might have easily been
overlooked using the methods available at the time. Some methods employ a mobile phase to
estimate methylmercury.®® An unsuspected organometallic mercury species (such as a-mercuri-
acetaldehyde) with differing mobility might easily be missed,? consistent with our finding of
higher organometallic mercury levels than were shown by previous chemical analysis.?* Other
analytical methods determine organometallic mercury as the difference between total mercury
and elemental mercury following selective reduction of any inorganic mercury present. They
accurately determine total organometallic mercury but not which organometallic mercury species
are present,® often assuming that all organometallic mercury is methylmercury. We disagree that
methylmercury’s predominant presence was unequivocally proven by the early work. Instead
there was debate and uncertainty, compounded by substantial experimental and other challenges.

Balogh and Tsui dismiss our computational work, indicating that calculations fail to capture
“real-world chemistry”, but offer no evidence to support this statement. They also make an
unsupported claim that methylmercury was generated in the factory. It seems likely that some
methylmercury was generated, but what were the predominant forms? There is very strong
evidence that Cat 717 was exposed to organometallic mercury, but conventional analysis of both
Cat 717’s brain and the chemical plant waste indicated a predominance of inorganic forms.3 Our
calculations necessarily focussed on the major chemical processes. They are valuable in showing
what might or might not have occurred. Thus, methylmercury might have been formed via

decomposition of a-mercuri-acetic acid:

AE* ~ 316 kJ-mol™!

s
/
O:O

+ Co2 AE = —6.7 kJ-mol-!

2

A second mechanism (not discussed in our paper) is the hydrolysis of a-mercuri-acetaldehyde to

form methylmercury and formic acid:°
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AEY ~ 250 kJ-mol-!

X Q /X Q
Ho_ _C_ +H,0 Ho. o+ U AR =595 KkI-mol-
H

~
Ez H CH, H/ \O

Although both reactions are exothermic, calculations show high activation barriers that make
both unfavorable; these calculations are difficult to dismiss. Our conclusion was that it would be
difficult for large quantities of methylmercury to form.

Balogh and Tsui are also critical that we did not cite many of the early Japanese-language
publications. We regret any offenses of omission, but the volume of literature concerning
Minamata is considerable and as a consequence it was not possible to cite everything. We did cite
publications that reviewed the early work. In summary, having read their communication we see
no reason to change our conclusions. Our work supports the hypothesis that compounds other
than methylmercury might have been important in the Minamata mass poisoning. In our paper we
went further, and conjectured that exposure to methylmercury compounds was not specifically
involved in the Minamata tragedy. This was intended to provoke a thoughtful response in the
reader, and indeed the idea that organometallic mercury compounds other than methylmercury
might have been the cause of Minamata disease has been discussed previously.!! In the 1980’s
such suggestions were not deemed inconsistent with evidence dating from the 1960’s, but now
appear controversial for some. Irrespective of this, a possible role of a-mercuri-acetaldehyde and
related compounds should be considered.? Our work speaks only to the composition of the
chemical plant waste, which is what Cat 717 received. How the compounds in question might be
transformed in the environment remains unknown, and this together with their toxicology still

needs to be investigated.
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APPENDIX C

SUPPLEMENTARY INFORMATION FOR CHAPTER 6

50 pm

Figure C.6.1: X-ray fluorescence images of elemental distributions of mercury, sulfur, selenium
and zinc in trunk sections 5 dpf larval zebrafish which have been cryopreserved and sectioned at
10 um. Treatment groups are as follows: (A) control, (B) MeHg-L-Cys, (C) MeHg-b-Cys, (D)
MeHg-L-Cys + BCH, (E) MeHg-L-Cys + L-phenylalanine, (F) MeHg-L-Cys + L-methionine.
Color bar indicates maximum concentration (ug/cm2) of all images in each row. Mercury images
are all scaled to MeHg-L-Cys treatment (B) for visual comparison of differences in uptake of
mercury as a result of various treatment groups (C-F). Sulfur, selenium and zinc images are
scaled to MeHg-.-Cys treatment (B) for observation on how mercury treatment affects other
essential elements in larval zebrafish (A, C-F). Scale bar of 50 pum is denoted for reference.
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