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ABSTRACT

Methylmercury (MeHg) is a neurotoxic global pollutant that accumulates at
high levels in predatory fish and marine mammals. The dietary intake of these
animals is the main source of MeHg exposure in humans. At high levels, MeHg is
known to damage the sensory and motor systems in both adults and children.
Due to the complexity and inaccessibility of the central nervous system (CNS),
early dysfunction is difficult to detect. Biochemical markers in the CNS have been
used to identify MeHg neurotoxicity in animal models. Analogues of these
biochemical targets are also present in peripheral blood tissue and may reflect
early CNS dysfunction in human populations. The proposed peripheral
biomarkers include 1) lymphocyte muscarinic acetylcholine (mACh) receptor, 2)
serum cholinesterase (ChE) and 3) platelet monoamine oxidase (MAO). This
thesis evaluates the effects of mercury (Hg) compounds on these CNS and
peripheral biochemical markers in laboratory and epidemiological studies. In vitro
studies showed that inorganic Hg (HgCly) and MeHg inhibited mACh receptor
binding in human, rat, and mouse brain tissue. Additionally, studies
demonstrated that a low-level gestational exposure to MeHg reduced MAO
activity in the developing embryo and in adult female offspring. Combined, these
studies provide a framework for the assessment of biochemical targets of Hg
compounds in humans. A cross sectional study was conducted to evaluate the
association between peripheral biochemical markers and MeHg exposure in fish-
eating adults (n=129) from Lac St-Pierre, Quebec. Blood-Hg concentrations were
used as a marker of exposure and ranged from 0.2 to 17.0 pg/L. Multiple linear
regression analysis demonstrated that both blood-Hg (p=0.011) and heavy
smoking (p=0.001) were associated with reduced platelet-MAO activity. However,
neither lymphocyte mACh receptor nor serum ChE was related to blood-Hg.
These results suggest that exposure to MeHg may result in reduced platelet-
MAO activity, which may serve as an indicator of early CNS dysfunction. The use
of peripheral biochemical markers may offer a novel strategy for risk assessment
of neurotoxic pollutants and should be further investigated.



RESUME

Le méthyle mercure (MeHg) est un polluant neurotoxique général qui
s'accumule a des taux élevés chez les poissons prédateurs et les mammiféres
marins. Une diéte alimentaire basée sur ces animaux constitue la principale
source de MeHg chez les humains. On sait qu’a taux élevés le MeHg cause des
dommages aux systémes moteur et sensoriel chez I'adulte et I'enfant. DO a la
complexité et a linaccessibilité du systéme nerveux central (SNC), les
dysfonctions précoces sont difficiles a déceler. Des marqueurs biochimiques
dans le SNC ont été utilisés pour mesurer la neurotoxicité du MeHg chez des
modeéles animaux. Des analogues a ces cibles biochimiques sont aussi présents
dans les tissus sanguins périphériques et peuvent refléter des dysfonctions
précoces du SNC chez les populations humaines. Les bio-marqueurs
périphériques proposés incluent 1) les récepteurs lymphocytaires muscariniques
a acétylcholine (mACh), 2) la cholinestérase sérique (ChE) and 3) l'oxidase
monoamine (MAO) des plaquettes. Cette thése évalue les effets de composés du
mercure (Hg) sur ces marqueurs biochimiques du SNC et périphériques tels que
mesurés lors d’études de laboratoire et épidémiologiques. Des études in vitro ont
montré que le Hg inorganique (HgCl;) et le MeHg inhibent la liaison aux
récepteurs mACh du tissu cérébral chez 'humain, le rat et la souris. De plus, des
études ont démontré qu’une exposition a des taux faibles de MeHg durant la
gestation réduisait I'activité de la MAO chez 'embryon en développement et chez
les femelles adultes de la progéniture. L’ensemble de ces études fournit un cadre
pour I'étude des cibles biochimiques des composés du Hg chez les humains.
Une étude transversale a été conduite pour évaluer l'association entre les
marqueurs biochimiques périphériques et I'exposition au MeHg chez des adultes
(n=129) qui mangent du poisson du Lac St-Pierre, Québec. Les concentrations
en Hg sanguin ont été utilisées comme mesure de I'exposition et variaient de 0.2
a 17.0 pg/L. Une analyse par régression linéaire multiple a démontré qu'a la fois
le Hg sanguin (p=0.011) et une forte consommation de tabac (p=0.001) sont
associés a une activité réduite de la MAO des plaquettes. Cependant, ni les
recepteurs lymphocytaires a mACh ni le ChE sérique n’étaient reliés au Hg
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sanguin. Ces résultats suggérent que I'exposition au MeHg peut entrainer une
réduction de l'activité de la MAO des plaquettes, ce qui pourrait étre utilisé
comme indicateur d’'une dysfonction précoce du SNC. L'utilisation de marqueurs
biochimiques périphériques peut offrir une nouvelle stratégie d’évaluation des
risques associés aux polluants neurotoxiques, et devrait étre étudiée de maniére
plus approfondie.
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While the effects of methyl mercury (MeHg) have been extensively studied
for over 50 years, the most commonly used method for detection of neurotoxicity
in epidemiology studies is through behavioural analysis. A useful biochemical
marker of neurotoxicity has not been identified for MeHg exposure in humans.

The first chapter presents a comprehensive review of the neurotoxic
effects of mercury (Hg) compounds on brain neurochemistry in animal models.
The potential impacts of these changes on behavioural parameters and the
potential interactions of Hg compounds with peripheral biochemical markers are

described and their importance in risk assessment strategies is proposed.

The measurement of biochemical markers in brain and peripheral tissue
has been previously described in controlled laboratory studies. The first
manuscript (Chapter 2) describes the application of methodologies for
measurement of biochemical markers in epidemiology studies. Proper storage
conditions, including storage time and temperature, are systematically evaluated.
Also, new high throughput methods are described to allow for the analysis of
samples from large population studies. These results will be of interest to
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Hg compounds are known to disrupt the function of the muscarinic
acetylcholine (mACh) receptor in rat brain tissue; however the effects of Hg on
receptors from other species, such as humans, have never been evaluated.
Chapter 3 describes the in vitro effects of Hg compounds on mACh receptor
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several species and provides a framework for future bio-monitoring studies in
species at risk. This manuscript has been published in Toxicology and Applied
Pharmacology, Volume 205(1) Pages 71-76.

The developing brain is particularly sensitive to the toxic effects of MeHg.
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Monoamine oxidase regulates neurotransmitters and plays an important role in
early brain development. Chapter 4 describes the effects of low-level prenatal
exposure to MeHg on monoamine oxidase (MAQ) activity in the various brain
regions of rat offspring. While the inhibitory effects of MeHg on MAO activity
have been reported previously, this is the first study to show that a chronic low
prenatal dose can alter this biochemical marker in adult rat offspring. This study
suggests that MAO activity may be a potential marker of the effects of MeHg
neurotoxicity in utero. This data has been presented at the Annual Society of
Toxicology Conference in Baltimore, 2004.

Animal studies have shown that Hg species can target biochemical
markers such as the mACh receptor, cholinesterase (ChE) and MAO in the brain
and peripheral blood tissue. However, interaction between Hg compounds and
potential markers have never been explored in humans. Chapter 5 reports
associations between potential biochemical markers and exposure to
environmental pollutants in fish consumers from the Lac St-Pierre Region of
Quebec. This is the first study to evaluate these associations and to provide
potential evidence for an early biochemical marker for MeHg in a human
population. This study was presented as a platform presentation at the
International Conference of Mercury as a Global Pollutant, in Ljubljana, Slovenia
in July 2004 and published as an extended abstract in the proceedings for this
conference. These results provide important new information of the health effects
of MeHg in fish eating communities. This manuscript has been submitted to
Neurotoxicology for publication.
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INTRODUCTION

Methylmercury (MeHg) is a widespread neurotoxic pollutant (ATSDR
1999). The dietary intake of contaminated fish and marine mammals is the
primary route of exposure in human populations (Van Oostdam et al. 1999).
These diets provide communities with an inexpensive source of protein, rich
source of essential nutrients and cultural and traditional importance (Egeland and
Middaugh 1997). MeHg is absorbed by the gastrointestinal tract and can cross
the blood brain-barrier, disrupting nervous system protein function through high
affinity interactions with sulfhydryl groups (Clarkson 1972). Accidental poisoning
episodes in Japan and Iraq have shown that exposure to high-levels of MeHg
leads to neurological abnormalities including ataxia, paresthesia, tremors, and
visual and auditory impairments (Bakir et al. 1973; Harada 1995)‘. Government
and other agencies have set mercury (Hg) guideline exposure limits based on
current epidemiological data. The guidelines for adults are based on studies
where obvious severe clinical effects were observed in populations accidentally
exposed to high doses of MeHg in the diet. Recent studies conducted in the
Amazon Basin in Brazil, have suggested that chronic low-level exposure to MeHg
is associated with impaired motor and visual neurofunction (Mergler 2002) at
blood-Hg levels below the World Health Organization (WHO) low-risk exposure
guideline (200 pg/L, Hg/blood) (WHO 1990). There is increasing interest to
characterise the neurotoxic response at low MeHg exposure (National Research
Council 2000). The ability to detect the neurotoxic effects of MeHg with greater
sensitivity would provide a better understanding of health risks associated with
the consumption of contaminated fish and marine mammals (Costa 1998).

While it is known that high exposure to MeHg can cause neuronal cell
death (Takeuchi and Eto 1999), this may not fully explain the behavioural
anomalies observed at low-level MeHg exposure levels. Biochemical changes in
the nervous system generally occur prior to permanent damage and may be used
to predict future neurotoxic outcomes (Costa and Manzo 1995; Manzo et al.
1996). MeHg exposure disrupts the function and transmission of the cholinergic
(Hastings et al. 1975; Kobayashi et al. 1980; Levesque et al. 1992; Coccini et al.



2000) and monoaminergic nervous systems (Bondy et al. 1979; Oudar et al.
1989; Cagiano et al. 1990; Lindstrom et al. 1991; Faro et al. 1997; Dare et al.
2003). Some key markers of neuronal homeostasis and transmission in these
systems, including monoamine oxidase (MAO, EC 1.4.3.4), muscarinic
acetylcholine (mACh) receptor, and cholinesterase (ChkE, EC 3.1.1.7), are
molecular targets of Hg compounds (Hastings et al. 1975; Von Burg et al. 1980;
Coccini et al. 2000; Basu et al. 2005; Basu et al. 2005). The identification of
biochemical targets would help elucidate possible mechanisms of MeHg
neurotoxicity and also lead to the development of new indicators to monitor these
neurotoxic effects in human populations. However, due to the complexity and
inaccessibility of nervous tissue, monitoring these biochemical markers remains
difficult in humans.

Blood platelets and lymphocytes are unique non-neuronal cells, as they
utilize similar cellular machinery as monoaminergic and cholinergic neurons,
respectively (Reed et al. 2000; Tayebati et al. 2002). Specifically MAO, ChE and
mACh receptors are present in peripheral blood (Costa et al. 1988; Chen et al.
1993) and interact similarly with neurotoxic compounds (Costa et al. 1990;
Chakrabarti et al. 1998; Coccini et al. 2000). Chakrabarti et al showed that
repeated oral exposure to MeHg reduced total MAO activity in cortex, striatum
and platelet tissues in rats (Chakrabarti et al. 1998). In a similarly designed
study, MeHg exposure resulted in an immediate increase in lymphocyte mACh
receptor density, which was followed by a similar increase of mACh receptor
density in the cerebellum and hippocampus (Coccini et al. 2000). Therefore,
these animal studies suggest that monitoring peripheral biomarkers in non-
neuronal tissue, may offer a method to screen for relevant biochemical
perturbation following MeHg exposure. Additionally, human studies have
demonstrated that platelet-MAO is reduced in heavy smokers (Whitfield et al.
2000; Berlin and Anthenelli 2001) and in industrial workers exposed to styrene
and manganese (Checkoway et al. 1992; Checkoway et al. 1994; Smargiassi et
al. 1995). PET (positron emission tomography) imaging studies have confirmed
that MAO activity is also significantly reduced in brain, heart, kidneys and lung



tissue of heavy smokers (Fowler et al. 1996; Fowler et al. 2003), suggesting that
platelet-MAO may serve as a surrogate marker for other inaccessible tissue. To
our knowledge, the association between these potential peripheral biomarkers
and MeHg exposure has not been reported in human populations. These markers
have the potential to be used for detection of early stages of neurotoxicity and as

a risk assessment strategy.

This thesis will evaluate the effects of Hg compounds on potential
biochemical markers of CNS function; mACh receptor, ChE and MAO. These
effects will be evaluated in 1) neuronal tissue to help understand the mechanism
of MeHg neurotoxicity and 2) non-neuronal tissue for biomonitoring in human
populations.

The thesis is separated into four specific objectives:

1. Determine optimal tissue storage conditions and develop high
throughput methodologies for the measurement of surrogate
biochemical markers in human populations.

2. Characterize the in vitro effects of Hg compounds (inorganic and
organic Hg) on muscarinic acetylcholine receptor function in brain
tissue (cerebellum and cortex) of several different animal species,
including human.

3. Determine the effects of a low-level gestational exposure of MeHg on
MAO activity in rat offspring and embryos, in order to highlight the
relevance as a neurochemical marker in the developing brain.

4. Evaluate associations between the proposed peripheral biochemical
markers and environmental Hg exposure in an adult fish-eating

population living along the St-Lawrence River in Quebec, Canada.



Chapter 1: Literature Review



1.1 Mercury in the Environment

Mercury (Hg) is a persistent neurotoxic contaminant that is deposited in
the atmosphere from both natural and anthropogenic sources (ATSDR 1999).
Anthropogenic contributions, such as industrial manufacturing, fossil fuel
combustion and waste incineration, are estimated to have doubled the global Hg
levels during the last century (Mason et al. 1994). Hg can exist in one of three
allotropic forms: elemental (Hg®), inorganic (HgCl,) and organic Hg. Atmospheric
Hg accumulates in open bodies of water and settles in sediment where it is
methylated by micro organisms into methylmercury (MeHg) (Morel et al. 1998).
MeHg accumulates at the top of the food chain in predatory fish (i.e. walleye, lake
trout, tuna, shark, swordfish), and fish-eating mammals (i.e. seals, whales, polar
bears) (Muir et al. 1999). The dietary consumption of these top predators is the
main source of human exposure to MeHg today (Van Oostdam et al. 1999). Due
to the high global atmospheric residency time (6-24 months), Hg can be
transported to regions located far from pollution sources (Fitzgerald et al. 1998).
Therefore, due to the importance of country and traditional foods, remote and
isolated communities may be at increased risk of Hg exposure (Van Oostdam et
al. 1999).

1.2 Mercury and Human Health

Hg has been shown to affect the renal, cardiovascular, immune and
reproductive systems in humans (National Research Council (NRC) 2000).
However, it is clear that the nervous system is the most sensitive to the aberrant
effects of Hg (ATSDR 1999). Absorption of MeHg by the gastrointestinal tract is
estimated at 95%, compared to only 7-15% of HgCl, (NRC 2000). Once MeHg
enters the blood circulation, it is transported throughout the body bound to
proteins in red blood cells and plasma. A cysteine transporter on the blood-brain
barrier facilitates the transport of a MeHg-cysteine complex into the brain
(Aschner and Clarkson 1988). MeHg may undergo biotransformation to HgCl; in
the target tissue (Vahter et al. 1995). Both MeHg and HgCl, are considered
neurotoxic, however it is unclear which form has a greater impact on brain



function. The subsequent damage to the brain is usually permanent, due to the
inability of most neurons to efficiently remove Hg compounds, and repair the
damage (Rice 1999). MeHg can also cross into the placenta causing damage to
the developing fetus and fetal brain (Kajiwara et al. 1996). The fetal brain is
particularly sensitive, as Hg compounds can disrupt neuronal migration, mitosis,
and cellular signalling processes resulting in improper brain development
(Castoldi et al. 2001).

1.3 High Dose Poisoning Episodes

The majority of knowledge regarding the toxic effects of MeHg on human
populations is from catastrophic episodes of high-dose poisonings. The first
documented disaster occurred during the 1950s in Minamata Bay, Japan, when
inhabitants consumed fish from water severely polluted with Hg by a local
industry (Harada 1995). Another major poisoning occurred in Iraq in the early
1970s from the consumption of bread made from grain treated with an
organomercury fungicide (Bakir et al. 1973). These events resulted in severe

neurological damage, and in many cases fatalities.

Reports from these incidences highlighted the sensitivity of the developing
nervous system to Hg exposure. Children who were exposed to MeHg in utero
showed severe congenital neurological dysfunctions and developmental
abnormalities (Amin-Zaki et al. 1974; Harada 1995). MeHg increased the
incidence of cerebral palsy, blindness, deafness, and severe mental retardation
in children exposed during gestation (NRC 2000). Autopsies revealed severe
damage to the neurons throughout the entire brain cortex (Takeuchi and Eto
1999). Children born with less severe effects of MeHg exposure in Iraqg were
evaluated for abnormalities in central nervous system (CNS) function (NRC
2000). From these developmental observations, a toxic effect threshold level
was estimated at approximately 10upg/g (Hg/hair) or 50upg/L (Hg/blood) for
abnormal CNS outcomes (Cox et al. 1989).

Adults exposed to high MeHg concentrations suffered from paresthesia

tremor, muscle weakness, visual abnormalities, sensory impairment, convulsions,



and mental deterioration (Bakir et al. 1973; Harada 1995). Pathological analysis
of the brain indicated that MeHg was regionally specific, consistently damaging
areas in the cerebral cortex and cerebellum, while to a lesser extent affecting the
brain-stem and spinal cord (Takeuchi and Eto 1999). More specifically, the
calcarine sulcus of the visual cortex was frequently damaged. The damage to
these brain regions are related to the clinical symptoms (visual and motor
dysfunction). The cerebellum facilitates basic motor function such as balance
and coordination of movement (Harry 1999). Generally these regions show loss
of neurons due to the initiation of apoptotic and necrotic cellular death pathways
(Takeuchi and Eto 1999). Increased glial cell proliferation (gliosis) can be
observed in the cortex as a consequence of neuronal cell loss. Data from the Hg
disaster in Iraq was used to set the low risk guideline for developing paresthesia
in adults (WHO 1990).

1.4 Effects of Low-Level Chronic Exposure to MeHg

While the toxic effects of high exposure to MeHg are well known, current
research is attempting to elucidate the risks posed by chronic low dietary
ingestion of MeHg (NRC 2000). Communities that rely on fish and aquatic
animals as an important part of their diet, may be at risk of chronic Hg exposure
(Van Oostdam et al. 1999; Chan and Receveur 2000; Chan et al. 2003). In
addition, pregnant women who consumed marine mammals and fish must be
particularly conscious of Hg intake, as even low-levels may be neurotoxic to the
developing fetal brain (ATSDR 1999). It has been estimated that in 2000,
300,000 women in the United States consume enough Hg to harm their unborn
baby (Mahaffey et al. 2004). In order to evaluate these early effects of low Hg
exposure, sensitive behavioural tests are performed to evaluate cognitive,
sensory and motor function skills in controlled animal and in epidemiological

studies.

1.4.1 Low-Level Exposure in Animals



Animal studies have simulated low-level chronic MeHg exposure and
observed patterns of behavioural related neurotoxic effects. A series of
controlled laboratory studies performed with monkeys highlighted that
neurobehavioural damage was related to the visual, auditory and somatosensory
system following developmental and adult exposure (Rice and Gilbert 1990; Rice
1996). Monkeys exposed to low-levels of MeHg during developmental stages
showed a restriction in visual fields and reduction in contrast sensitivity compared
to control animals (Rice 1996). These observations were similar to characteristics
of human poisoning episodes in Minamata Bay and Iraq (ATSDR 1999).
Interestingly, the onset of somatosensory impairments was delayed and
appeared years after the final dose was administered to the monkeys (Rice
1996). However, rats are the most widely used animal model to evaluate the
toxic effects of Hg compounds. While rodent studies have shown less conclusive
findings, impaired motor function is the most consistently observed behavioural
dysfunction (Rice 1996). The absence of damage to the visual and auditory
systems in rats may be related to lower brain complexity when compared to
primates (Rice 1996). Toxicokinetics may also explain these differences as
monkeys and humans have higher brain:blood Hg ratios (2-5) when compared to
rats (0.06) (Rice 1996). Despite these differences observed among species, the
rodent model is still extensively used to elucidate the mechanism of MeHg
neurotoxicity.

1.4.2 Prenatal Low-Level Exposure in Humans

Unlike high exposure levels, which result in definitive clinical symptoms,
chronic low exposure levels are associated with non-specific neurological
impairments that cannot be directly linked to MeHg exposure in individuals. At
the present time, only studies in large populations are able to identify
associations between low-level MeHg exposure and subtle changes in CNS
function (Grandjean et al. 1997; Mergler 2002; Myers et al. 2003). Two large
(n>700 mother/child pairs) longitudinal studies examined the effects of low-dose

prenatal Hg exposure on various neurobehavioral endpoints in children



(Grandjean et al. 1997; Davidson et al. 1999; Myers et al. 2003). Two cohorts
were chosen because of their homogeneous populations and because of
elevated exposure to Hg through dietary dependence on marine animals. The
data from the Faroe Islands suggested a relationship between prenatal exposure
to MeHg (mother hair exposure) and children’s performance on neurobehavioural
tests at 7 years of age (Grandjean et al. 1997; Murata et al. 1999). The observed
neurofunctional impairments related to MeHg exposure in the Faroe Island cohort
were similar to those observed in studies performed in non-human primates (Rice
1996). MeHg exposure was associated with reduced visual, auditory and
impaired cognitive performance (Murata et al. 1999). Milestone development and
neurobehavioural analysis was assessed at 0.5, 1.5, 2.5, 5.5, and 9 years of age
in the children from the Seychelles Island (Davidson et al. 1999; Myers et al.
2003). Despite having similar exposure levels, MeHg related behavioural
impairments were not observed in the Seychelles Island cohort (Myers et al.
2003). Reasons for these inconsistencies are not known. Several hypotheses
include differences in exposure pattern, genetics, intake of other dietary nutrients
and other contaminants as factors (NRC 2000).

1.4.3 Low-Level Exposure in Adults

Several studies performed in adults suggested an association between
chronic exposure through fish consumption and clinical neurotoxicity (NRC 2000).
In 1990, a World Health Organization (WHO) report suggested exposure to
dietary MeHg resulting in blood-Hg concentrations above 200 upg/L were
associated only with a low-risk of neurological damage in aduits (WHO 1990).
However, six years later a meta-analysis of 13 studies evaluated the effects of Hg
toxicity in adults and suggested that the WHO guideline level was not an
appropriate lowest observable effect level (LOEL) for adults (Kosatsky and Foran
1996). This report further suggested that the effects of low-level exposure be
more thoroughly evaluated (Kosatsky and Foran 1996). In response to this meta-
analysis, several studies examined neurotoxic effects of Hg in adults living in the

Brazilian Amazon using highly sensitive tests to quantitatively evaluate motor,



cognitive and sensory performance (Lebel et al. 1998; Dolbec et al. 2000;
Mergler 2002; Yokoo et al. 2003). The Brazilian populations were selected
because of their dependence on fish for sustenance and subsequent high MeHg
exposure levels. Three studies examined MeHg exposure and neurobehavioural
tests in 233 adults (Mergler 2002). MeHg exposure was relatively high with 80%
of the participants above the 20ug/L guideline (increasing risk) level for blood-Hg
(Mergler 2002). In these populations, MeHg exposure was associated with
impaired motor function as evaluated by a grooved pegboard test, finger tapping
test, and disorganized arm movement. Impaired visual contrast and colour
sensitivity were also associated with increased MeHg exposure. These results
are in agreement with the previously mentioned controlled monkey feeding
studies (Rice 1996; Mergler 2002). Analysis of these populations revealed
significant Hg related impairments at concentrations below the WHO 1990
guideline level for adults (Lebel et al. 1998).

1.5 Hg Guidelines

National and international agencies have set guidelines for safe Hg
exposure limits in humans. These guidelines were set to protect the most
sensitive individuals in the population. Previous observations in human
populations were used as a basis for guideline limits, however discrepancies
arise due to interpretation and application of uncertainty and safety factors.
Health Canada’s current “increasing risk range” is from 20 to 200 pg/L blood-Hg
(or 6 to 50 ppm for hair Hg), while the US-Environmental Protection Agency's
(EPA’s) upper safety limit is currently several times lower (5.8 pg/L blood-Hg).
The EPA used the LOEL from the Faroe Island study (blood-Hg; 58 ug/L) in
conjunction with a 10-fold dilution safety factor to achieve the upper safe limit
(Budtz-Jorgensen et al. 2000). This level compares to a dietary reference dose
intake of 0.1 ug MeHg/kg body weight/day. Under the EPA guideline, a large
percentage of pregnant women in fish eating communities (i.e. Nunavik) may be

at or above these levels (Muckle et al. 2001).

It is clear that setting low guideline limits is important to protect potential
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sensitive subsets of the population and to increase public concerns of Hg
pollution. However, the consequence of excessively low guideline levels can
negatively affect those populations that are dependent on fish and marine
mammals for sustenance (Kuhnlein and Chan 2000). Aquatic mammals and fish
are an excellent source of essential nutrients including vitamin E, selenium,
calcium, and omega-3 and omega-6 fatty acids, which are also required for
proper brain development (Grandjean et al. 2001; Mahaffey 2004; Sakamoto et
al. 2004). Fish also provide a source of high-quality protein and have low-levels
of saturated fats (Kuhnlein 1995). Therefore, dramatic reduction in marine diet
may have a severe impact on nutrient intake (Kuhnlein 1995; Egeland and
Middaugh 1997). In addition to providing an affordable source of nutrients, dietary
consumption of aquatic animals has cultural importance in these communities
(Kuhnlein 1995; Kuhnlein and Chan 2000). In many cases the alternative to the
traditional diet is market foods which tend to be more expensive especially in
remote rural locations (Kuhnlein and Receveur 1996; Kuhnlein and Chan 2000).
In theory the intake of these market foods may increase the prevalence of obesity

and diseases such as diabetes, heart disease, and stroke (Kuhnlein et al. 2004).

Furthermore, studies performed in adults have shown that neurotoxic
effects of MeHg can be observed when blood-Hg concentrations are below 200
Mg/l (Mergler 2002). However, little is known about the lower end of the dose-
response curve in adults, and guidelines have been made based on
extrapolations. Therefore, in order to better inform the public on health concerns
related to eating fish, it is important to understand the earlier stages of
neurotoxicity by developing more sensitive detection methods. The identification
of sensitive populations would allow the implementation of a targeted approach to
address specific health needs of a community.

1.6 Risk Assessment and Detection of Neurotoxicity

Due to the complexity and inaccessibility of the central and peripheral
nervous system, the diagnosis of neurotoxicity remains difficult in humans. A

simple risk assessment approach is to measure and compare markers of Hg
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exposure in a community (i.e. hair-Hg or blood-Hg) with the established exposure
guideline levels (Agusa et al. 2005; Legrand et al. 2005). Therefore, this
approach is limited as it only examines exposure, and not specific effects of
neurotoxicity.

When evaluating the risks of more common diseases in a population, such
as cancer, risks can be determined from population databases (Gaudette et al.
1996). During the poisoning episode in Japan and Iraq, the primary effects of Hg
exposure were observed as obvious clinical and physiological symptoms
detected at the individual level (Bakir et al. 1973; Harada 1995). However, in a
small community exposed to low ranges of MeHg, these clinical neurotoxic
illnesses would be extremely rare and the assessment of risk would be difficult to
evaluate. Therefore, in order to asses the risk of MeHg neurotoxicity, it is
important to use sensitive neurofunctional tests designed to quantitatively detect
minor changes in motor, cognitive and sensory performance skills (Mergler
2002). However, these tests can be time consuming for the researcher and the
participants. Moreover, in early stages of chronic low-level exposure, MeHg may
cause a disruption of biochemical and neuron function, without manifesting a
neurophysiologic or behavioural effect (Castoldi et al. 2001). Therefore,
identification of these specific biochemical alterations in the brain following
exposure to MeHg could potentially be used to monitor the early stages of
neurotoxic effect at the lower end of the dose-response curve (Manzo et al.
1995). Therefore, in order to better evaluate the health risks and impacts of a
particular environmental contaminant, it is critical to understand the underlying
biochemical mechanism of its neurotoxicity (Manzo et al. 1995; Costa 1998).

1.7 Neurotoxic Mechanisms of Exposure to Hg Compounds

The mechanisms by which Hg compounds act to disrupt neuronal function
are difficult to elucidate because of its non-specific action and due to brain
complexity (NRC 2000). Generally speaking, Hg compounds have high affinity
for sulphur containing amino acids, such as cysteine, which are important for the

structure and function of proteins (Clarkson 1972). Hg can interfere with a
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number of neuronal parameters including enzyme activity, receptor binding,
transporter function and protein synthesis (Costa 1988). Following neurotoxic
exposure to Hg, disruption of neuronal function may result, causing behavioural
or physiological effects. If Hg exposure exceeds the capacity to maintain
homeostasis, the initiation of apoptotic or necrotic pathways may occur, resulting
in cellular loss and permanent damage (Castoldi et al. 2000).

Hg compounds have been shown to depolymerise microtubules, resulting
in altered structure of the cytoskeleton (Miura et al. 1999; Heidemann et al.
2001). Microtubules are also important for axonal growth and synapse formation
during development and in turn play a role in transport of proteins, organelles and
other vesicles throughout the neuron. Cytoskeleton disruption is thought to
cause alterations in the developing and adult brain structure. Another proposed
mechanism suggests that MeHg blocks the reuptake of the neurotransmitter,
glutamate, by astrocytes at the synapse (Aschner et al. 2000). Accumulation of
extracellular glutamate binds and activates the N-methyl-D-aspartate (NMDA)
receptor. The NMDA receptor facilitates the increase in cellular calcium and
subsequent activation of apoptotic pathways. MeHg may also act to increase the
reactive oxygen species which can induce oxidative stress resulting in cellular
damage (Yee and Choi 1996). While many targets for MeHg toxicity have been
identified in the CNS, it is important to identify sensitive targets of MeHg
responsible for behavioural impairments at the whole organism level (Castoldi et
al. 2001). \

Brain sensory, cognitive and motor signals are mediated throughout the
brain and body via synaptic communication between neurons. The synapse is the
point through which neurons communicate, and is pivotal in behavioural
processes (Harry 1999). Neuronal synaptic transmission is dependent upon a
series of electrical and/or chemical processes. For example, the presynaptic
release of transmitters into the synapse and their binding to specific postsynaptic
receptors requires a series of enzymes, transporters and receptors for proper
function (Schwartz 2000). Any disruption of the key components in neuronal
communication may result in behavioural alterations (Harry 1999). In some
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cases following neurotoxic exposure, the neuron may be capable of maintaining
homeostasis through compensatory mechanisms (Harry 1999). While these
compensations may mask overt behavioural impairments in the whole organism,
the detection of these mechanisms can serve as early warning markers of brain
dysfunction (Costa and Manzo 1995). These neurotransmitter systems also play
an important role in the regulation of brain development, suggesting that
disruption in utero may be a potential mechanism to explain MeHg neurotoxicity
(Buznikov et al. 1999; Herlenius and Lagercrantz 2004). Several different
neurotransmitter systems have been identified to play a role in specific
physiological functions. Some of these neurotransmitter systems are affected by
Hg compounds and include the cholinergic (acetylcholine) and the

monoaminergic (dopamine, noradrenalin and serotonin) systems.

1.7.1 Cholinergic System

The cholinergic system utilizes the neurotransmitter, acetylcholine (ACh),
which binds and activates either the nicotinic or muscarinic acetylcholine (mACh)
receptor on the postsynaptic cell. Acetylcholine is synthesized through a single
enzymatic reaction catalyzed by choline acetyltransferase (ChAT, EC 2.3.1.6) in
neurons. The degradation and inactivation of the transmitter occurs in the
synapse by the enzyme cholinesterase (ChE) (Schwartz 2000). Both isoforms of
ChE, acetylcholinesterase (AChE, EC 3.1.1.7) and butyrylcholinesterase (BChE,
EC 3.1.1.8), hydrolyze acetylcholine (ACh) into choline and acetate. The
physiological and behavioural roles of the cholinergic system have been
suggested through various studies designed to selectively disrupt or inhibit the
individual components. Acetylcholine neuronal transmission is involved in
cognitive, learning, memory, motor and thermoregulation (Chrobak et al. 1988;
Wess 2004) (Sims et al. 1980; Bymaster et al. 2003; Wess 2004).

The mACh receptor is expressed in cholinergic neurons throughout the
cortex. In vitro studies have shown that Hg compounds inhibit the mACh
receptors binding in rat brain tissue preparations (Eldefrawi et al. 1977; Bondy
and Agrawal 1980; Von Burg et al. 1980; Castoldi et al. 1996). It has been
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proposed that Hg can competitively bind to the cysteine residues localized in the
binding pocket of the mACh receptor (Cagiano et al. 1990). However, an in vivo
study showed that long term ingestion of MeHg by rats actually increased the
density of the muscarinic receptor in the hippocampus and cerebellum by 20-40%
(Coccini et al. 2000). These effects were only observable 2 weeks after the final
dose. This up-regulation of the mACh receptors in the brain may be a
compensatory mechanism for disrupted ACh binding and reflect early stages of

neurochemical impairment.

Experiments have also shown that Hg can alter the release of ACh from
the neuronal synapse. Hg inhibits the nerve evoked release of ACh, while
increasing the spontaneous release from the nerve terminal (Kostial and
Landeka, 1975; Atchison, 1986; Traxinger and Atchison, 1987) in a dose
dependent fashion (Minnema et al. 1989). In a carefully designed study, the
MeHg induced release of ACh could be blocked by a drug that inhibits calcium
release from the mitochondria transition pore (Levesque and Atchison 1988).
This suggests that MeHg exposure results in 1) increased calcium release from
intracellular organelles, 2) neuronal depolarization and 3) release of ACh into the
synapse (Levesque and Atchison 1988). Earlier studies indicated that repeated
doses of MeHg decreased acetylcholine in the cortex and striatum of mice
(Kobayashi et al. 1980). Therefore, continuous spontaneous release of ACh from

neurons may explain reduced brain concentrations.

Additionally, several enzymes involved in ACh metabolism are impaired
following MeHg exposure, including ChAT (Kobayashi et al. 1979) and ChE
(Hastings et al. 1975; Lakshmana et al. 1993). Due to the numerous cholinergic
markers that change as a result of exposure to Hg compounds, it is difficult to
identify the primary target. It is known that the mACh receptor, ChE, ChAT and
ACh are maintained in homeostasis (Erb et al. 2001). Therefore, the observed
changes in the biochemical components of the cholinergic system following Hg
exposure may represent compensatory mechanisms and could be used as a

marker of early neurotoxicity.
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1.7.2 Dopaminergic System

Dopamine is synthesized from the essential amino acid, tyrosine, through
a series of enzymatic reactions which involve the rate limiting enzyme, tyrosine
hydroxylase (EC, 1.14.16.2) (Schwartz 2000). Once released into the synapse,
dopamine binds to dopamine receptors (D1 and D2). Re-uptake is facilitated by
the dopamine transporter (DAT) on the surface of astrocytes and neurons.
Intracellular dopamine is oxidatively deaminated by monoamine oxidase (MAO,
EC 1.4.3.4) an enzyme located on the surface of mitochondria (Schwartz 2000).
Dopaminergic neurotransmission has been shown to be important for motor
function (Zhang and Creese 1993; Harry 1999), learning and memory (Zhang and
Creese 1993) and in visual function (Gobba 2000). Specific damage to
dopamine neurons in the nucleus nigrostriatal tissue results in motor and tremor

impairments similar to those observed in Parkinson’s disease (Harry 1999).

In order to evaluate the effects of low-level prenatal exposure to MeHg on
the dopaminergic system in rat offspring, a series of studies were conducted to
assess motor performance before and after drug induced stimulation of dopamine
pathways (Rossi et al. 1997; Gimenez-Llort et al. 2001; Dare et al. 2003).
Apomorphine, d-amphetamine, and a D2 receptor agonist (U91356A) were used
to stimulate the dopaminergic system. The observed spontaneous motor activity
in MeHg treated offspring was altered following administration of these drugs

when compared to controls, suggesting altered dopamine transmission.

Hg compounds are known to alter various components of the
dopaminergic system. In vitro studies have demonstrated that both HgClI, and
MeHg inhibit D2 receptor binding in synaptosomes of rat brain (Scheuhammer
and Cherian 1985). However, in vivo studies have observed both increases and
decreases in D2 receptor density of rat offspring exposed to MeHg (Cagiano et
al. 1990; Dare et al. 2003).

Similar to the effects of Hg compounds on ACh release, MeHg stimulates
the spontaneous release of dopamine from various brain tissue preparations
(Bondy et al. 1979; McKay et al. 1986). To determine the effects of chronic

MeHg exposure on dopamine release from the striatum in rats, microdialysis
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techniques have been used to directly detect changes in brain transmitter levels
(Faro et al. 1997). This study observed increases in extracellular dopamine
concentrations in response to exposure to low-levels of MeHg (Faro et al. 1997).
A similar in vivo study also observed that administration of intra-striatal MeHg
increased dopamine concentrations in the caudate-putamen region of the brain,
with a paralleled decrease in dopamine metabolites (Faro et al. 2003). Changes
in dopamine concentrations could be explained by increased release, increased
synthesis, reduced metabolism or reduced uptake transport of the
neurotransmitter.

MAO is flavin-bound enzyme present on the outer surface of mitochondria
in neurons and astrocytes. The enzyme is involved in the oxidative deamination
of several biogenic amines including serotonin, dopamine, and noradrenalin (Shih
2004). Early studies have suggested that Hg compounds can bind to critical
cysteine residues and thereby impair MAO function (Gomes et al. 1969; Gomes
et al. 1976). Repeated MeHg dosing studies performed in rats were shown to
reduce MAO activity equally in several different brain regions (Chakrabarti et al.
1998) and in other tissues (Fowler and Woods 1977; Fowler and Woods 1977).
Hg does not appear to alter tyrosine hydroxylase activity, suggesting that rates of
dopamine synthesis are not affected. MeHg inhibits the uptake of dopamine into
rat brain synaptosomes and cells suggesting that the dopamine transport may be
blocked (Rajanna and Hobson 1985; Faro et al. 2002). It has been suggested
that altered neurotransmitter degradation and reuptake may also explain the
observed increases in dopamine concentration in the brain tissue (Faro et al.
2002).

1.7.3 Serotonergic System

Serotonin is an indolamine transmitter that is synthesized from tryptophan
by the rate limiting enzyme tryptophan hydroxylase (EC 1.14.16.4) (Schwartz
2000). Reuptake of serotonin occurs through the monoamine transporter on the
cell surface of astrocytes and neurons, and can then be oxidized by MAO at the

mitochondrial surface (Schwartz 2000). The serotonergic system has been
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implicated in neurobehaviour processes including, locomotion, learning, memory
and emotion (Buhot et al. 2000; Sillar et al. 2002; Overstreet et al. 2003). The
majority of current research focuses on the role of serotonin in mood disorders
(Overstreet et al. 2003). Additionally, serotonin has been connected with learning
and memory paradigms in studies conducted with genetically modified mice
(Buhot et al. 2000). Serotonergic neurons are also known to innervate several

regions in the brain including the visual cortex and cerebellum (Harry 1999).

Studies have shown that long-term treatment with MeHg (0.4 and 4.0
mg/kg/d) decreased serotonin concentrations in the brain-stem of rats
(Lakshmana et al. 1993). Hg compounds increase the uptake and release of
serotonin from isolated synaptosomes in vitro (Komulainen and Tuomisto 1982).
Studies using primary cultured astrocytes suggest that MeHg also inhibits cellular
uptake of serotonin (Dave et al. 1994). Additionally, the previously mentioned
inhibition of MAO by MeHg could alter the balance of serotonin in the neurons
and therefore also contribute to the disruption of this pathway (Chakrabarti et al.
1998). The effects of Hg compounds on other serotonin receptors or its catabolic
enzymes have not been reported.

1.7.4 Noradrenergic System

The catecholamine, noradrenalin, is synthesized from dopamine precursor
through the actions of dopamine-beta-hydroxylase. The neurotransmitter is
inactivated through oxidation by MAO or methylation by catecholamine-O-
methyltransferase (COMT, EC 2.1.1.6). Noradrenergic neurons are innervated in
several key regions of the brain involved in arousal, learning and memory
(Murchison et al. 2004). Noradrenalin also plays an important role in the
sympathetic nervous system which regulates heart rate, blood pressure and fight
or flight responses (Harry 1999).

There is evidence to suggest that the noradrenergic system is also
affected by exposure to Hg compounds. Prenatal exposure to MeHg increased
cerebellum noradrenalin concentrations in 50 day old rat pups by two-fold

(Lindstrom et al. 1991). Long-term dosing studies in developing rats showed that
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noradrenalin concentrations increased in the olfactory bulb, brainstem, and visual

cortex after 60 days exposure to MeHg when compared to control animals

(Lakshmana et al. 1993). These observations may be explained by decreased

MAO activity observed following MeHg exposure (Chakrabarti et al. 1998).

Additionally, both HgCl, and MeHg compounds stimulate noradrenalin release

from rat hippocampus slices (Gasso et al. 2000). There have been no reported

effects of Hg compounds on noradrenalin receptors, or its anabolic enzymes.

Table 1.1: Summary of interactions between in vivo exposure to MeHg and

Neurochemical Associated Proposed
System Behaviour  marker

Observed change

Reference

Cholinergic Motor, ChAT
learning ChE

neurochemical changes

Decreased activity

Decreased activity

Increased density

Decreased levels

(Kobayashi et al. 1979)
(Hastings et al. 1975)

(Coccini et al. 2000)
(Lakshmana et al. 1993)

mACh receptor
ACh
Dopaminergic Locomotion, MAO
learning, Transporters
memory D2 receptor
Dopamine

Decreased activity
Inhibition
Increased density

Increased levels

(Chakrabarti et al. 1998)
(Faro et al. 2002)
(Cagiano et al. 1990)
(Faro et al. 1997)

Serotonergic Emotion, MAO
memory, Transporters

learning 5-HT

Decreased activity
Inhibition

Increased levels

(Chakrabarti et al. 1998)
(Dave et al. 1994)
(Lakshmana et al. 1993)

Noradrenergic Sympathetic MAO
system,
learning and Noradrenalin

memory

Decreased activity

Increased levels

(Chakrabarti et al. 1998)

(Lindstrom et al. 1991)
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1.8 Development of Surrogate Biomarkers of Nervous System Function

Due to the inaccessibility of human brain tissue, the study of
neurochemical changes in individuals exposed to neurotoxic compounds remains
difficult. Technology exists to allow the in vivo detection of neurochemical
markers in the brain through the use of positron emission tomography (PET)
techniques (Fowler et al. 1996; Bohnen et al. 2003). However, the use of PET
imaging is costly, time consuming and is therefore not practical for explorative
population studies. Another possible technique to assess neurochemical changes
in humans involves the use of biochemical markers or biomarkers (Manzo et al.
1995). Biomarkers are indicators of changes in function, structure or quantity of a
biological or cellular component. These indicators are measurable in samples
from organisms or can be taken from the organisms directly. Biomarkers can be
divided into three classes, based on their identification of exposure, effect, or
susceptibility.

There are no established neuronal biochemical markers of biological effect
for MeHg neurotoxicity in humans. As described previously, neurobehavioral
tests are currently used to address the relationship between MeHg exposure and
neuronal damage in humans. The development of biochemical markers to detect
neurotoxic effects that could be easily and ethically measured, may provide a
new opportunity to further understand the effects of MeHg in humans (Costa and
Manzo 1995). Neurochemical related targets of MeHg have been tested in
animal models, and involve the examination of neurotransmitter concentrations,
receptors and enzymes. While the target tissue for Hg is inaccessible in humans,
some biochemical markers have been identified in non-neuronal blood cells and
plasma (Costa and Manzo 1995). Therefore, the potential exists for these
markers to be used as surrogate biomarkers of brain neurotoxicity. Research
has shown some biochemical markers can reflect equivalent changes in similar
neurochemical parameters in brain tissue (Costa, 1998). Generally these
biomarkers are measured in isolated blood components including, red blood

cells, platelets, lymphocytes and plasma (Table 1.2).
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Table 1.2: Summary of some potential blood biochemical markers of central

nervous system function

Blood Tissue Biochemical Marker
Erythrocytes Acetylcholinesterase
Platelets Serotonin
Monoamine oxidase
Vesicular monoamine transporter
Serotonin Receptor
Plasma/Serum Dopamine-f -Hydroxylase
Butyrylcholinesterase
Lymphocytes Muscarinic Acetylcholine Receptor

Acetylcholinesterase
Choline Acyltransferase
Choline transporter
Acetylcholine

Dopamine Receptor

1.8.1 Non-Neuronal Cholinergic System

Peripheral lymphocytes are a type of white blood cell involved in immune

system function. These non-neuronal cells contain similar components to the

cholinergic neurons, including acetylcholine, ChAT and ChE (Tayebati et al.

2002; Kawashima and Fujii 2003).

Functional mACh receptors have been

identified on the surface of isolated rat lymphocytes (Costa et al. 1988; Costa et
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al. 1990) and human lymphocytes (Adem et al. 1986; Bronzetti et al. 1996). As a
whole, these components in lymphocytes work to regulate immune system
function. However, it has been proposed that lymphocytes may reflect changes
in cholinergic nervous system following toxic exposure to environmental
pollutants. In the study performed by Coccini et al, the repeated low doses of
MeHg (2 mg/kg/d) increased mACh receptor density in the hippocampus and
cerebellum, which was preceded by a marked increase in density of mACh
receptors on peripheral blood lymphocytes (Coccini et al. 2000). These results
suggest that peripheral lymphocytes may represent a sensitive target to study the
interaction of MeHg with mACh receptors and may be predictive indicators of
neurotoxicity. These assumptions are strengthened by studies that show
individuals with neurological disorders, such as Parkinson’s disease (Rabey et al.
1990; Rabey et al. 1991) and Alzheimer’'s disease (Adem et al. 1986; Rabey et
al. 1986; Smith et al. 1988) can have altered mACh receptor binding and
expression in blood lymphocytes. These studies suggest that lymphocytes may
reflect neuronal cholinergic system function and provide a strategy to monitor
neurotoxicity in humans.

Several biochemical markers of CNS function can be measured in
erythrocytes and plasma. One of the most studied of these biomarkers is the
enzyme, ChE (Wilson et al. 1997). Two classes of pesticides, organophosphates
and carbamates, act to specifically inhibit ChE activity which results in synaptic
ACh accumulation and neurological symptoms (Wilson et al. 1997). Blood ChE
monitoring serves as an inexpensive method to track exposure and is required for
workers who handle these pesticides (Wilson et al. 1997). ChE activity in blood
has shown to mimic enzyme activity in the CNS of animals exposed to these
pesticides (Costa 1988; Manzo et al. 1995). While direct inhibition of blood ChE
by industrial Hg exposure have not been observed in humans (Zabinski et al.
2000), reductions have been observed in brain tissue of MeHg exposed animals
(Hastings et al. 1975).
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1.8.2 Non-Neuronal Monoaminergic System

Platelets are secretory cells that play an important role in hemostasis,
thrombosis, vascular remodelling and repair. These cells are considered to be a
peripheral model of serotonergic nerve endings, as they utilize similar
transmitters, enzymes, receptors and transporters for cellular communication
(Reed et al. 2000; Polgar et al. 2002). Specifically, platelets contain serotonin,
serotonin transporters and MAO, which are homologous to forms expressed in
neuronal cells (Chen et al. 1993; Billett 2004). In vitro studies suggested that
serotonin uptake in rat hypothalamic synaptosomes and human platelets were
similarly inhibited by incubation with MeHg (Tuomisto and Komulainen 1983).
Chakrarbarti et al has shown that repeated oral exposure to MeHg in rats inhibits
MAO activity in both platelets and brain tissue (Chakrabarti et al. 1998). These
studies suggest that platelet serotonin transporters and MAO activity may act as
a surrogate for neuronal effects of MeHg exposure. The level of serotonin in the
blood platelets may also be used as a surrogate biomarker to reflect changes in
concentrations in the brain due to exposure of neurotoxic compounds such as
MeHg. There is evidence that MAO and serotonin levels in platelets may be
related to neurological diseases, including Parkinson’s, Alzheimer's and
Schizophrenia (Bond et al. 1979; Jossan et al. 1991; Jarman et al. 1993;
Fitzgerald et al. 1996; Zhou et al. 2001), however some evidence is inconsistent
(Konings et al. 1995; Simpson et al. 1999). The application of these platelet
biomarkers have been measured in industrial workers exposed to neurotoxic
compounds, including manganese and styrene. In these cases, exposure has
been associated with decreases in platelet-MAO (Checkoway et al. 1992,
Smargiassi et al. 1995) suggesting a potential neurotoxic effects. Therefore,
blood platelets may offer an ethical way to evaluate serotonergic neuronal
function in human populations (Costa and Manzo 1995).

1.9 Research Perspectives

There are several stages involved in the selection, development and
validation of potential biochemical marker of CNS function. The first stage
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involves basic laboratory studies to develop biochemical assays, and to test the
neurotoxicant/biomarker relationships in animal and in vitro systems. These
preliminary investigations are followed by transitional studies designed to
evaluate the feasibility and application of measuring these biomarkers in humans.
Sample collection, transportation, storage and processing concerns for field
application are also addressed at this stage. Subsequently, applied
epidemiological studies evaluate the relationship between neurotoxic exposure
and biomarker in a select population. However, these applied studies cannot
prove a relationship between the biomarker and CNS function. If initial studies
suggest that a proposed biomarker correlates with exposure in a population,
further studies would be required to understand the detailed nature of this
response and what possible physiological consequence these biomarker
changes represent.

Several receptors and enzymes in the nervous tissue have been proposed
as biomarkers that may indicate the neurotoxic effects of MeHg exposure (Costa
1988). Studies in animals have shown that biochemical markers (i.e. mACh
receptors, and MAO activity) in the target nervous tissue and in accessible non-
neuronal tissue interact similarly with MeHg (Chakrabarti et al. 1998; Coccini et
al. 2000). These transitional studies suggest a proposed strategy to measure
these biomarkers in human populations. Laboratory techniques are available to
isolate the relevant non-neuronal tissues from blood samples for biochemical
analysis. Human studies have identified factors, such as age, sex, and smoking
habits that may influence these biomarkers (Costa and Manzo 1995; Whitfield et
al. 2000). Therefore, there is sufficient evidence to suggest that applied studies
should begin to evaluate the associations between MeHg exposure and these
proposed peripheral biomarkers.
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Connecting Paragraph

While methodologies for measurement of the proposed biochemical
markers have been previously reported in small scale laboratory studies, the
application towards epidemiological studies may have limitations. This next
chapter describes new high throughput microplate techniques and optimal blood
storage conditions for the measurement of biomarkers of neurotoxicity in large
community studies. This manuscript describes an ecosystem approach to
evaluate neurotoxic risks of pollutants, and therefore an additional component
discusses the feasibility of using wildlife brain tissues obtained from the field for
biomarker measurement. The wildlife component of this manuscript is the focus
of N. Basu’'s PhD thesis.
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Abstract

Disruption of neurochemical parameters in blood and brain tissues can be
used as early biomarkers of neurotoxicity in human and wildlife epidemiological
studies. To investigate the feasibility of biomarker measurements in field samples
obtained from remote locations, tissue storage limits were determined with
human blood and mink cortex tissue using efficient and cost-effective microplate
assays. Results show that isolated blood platelets and plasma can be stored at
4°C for 4 weeks before measurement of monoamine oxidase (MAO) and
cholinesterase (ChE) activities, while human lymphocytes can be stored at 4°C
for up to 2 days before muscarinic acetylcholine (mACh) receptor binding
analysis. Blood cells stored frozen resulted in decreased MAO activity and mACh
receptor function. These data suggest that mink brain tissue obtained from field
samples can be stored at various temperatures without affecting dopamine (D2)
and mACh receptor densities, however MAO and ChE activities were most stable
in samples stored in a —20°C domestic freezer or at 4°C. Multiple freeze/thaw
cycles alters mACh and D2 receptors and MAO activity in mink cortex samples
and should therefore be minimized. In conclusion, these neurochemical
biomarkers can efficiently be measured in large human and wildlife neurotoxicity

studies provided proper storage conditions are maintained.
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2.1 Introduction

Several hundred chemicals present in the environment have been
identified as neurotoxic to humans (Rice 1999) and wildlife (Hoffman et al. 2003).
A common method for the evaluation of neurotoxic risk to humans is a cross-
sectional epidemiological study that evaluates the relationship between chemical
body-burden and observable outcomes obtained from clinical evaluations or
neurobehavioural tests (Lebel et al. 1996; Stewart et al. 2003; Bellinger 2004).
While these tests provide necessary exposure-response information, they are
generally labour intensive, expensive to perform, and may not be sensitive
enough to detect some early pre-clinical adverse effects. It is established that
changes in brain chemistry often precede irreversible behavioural alterations
following neurotoxic exposure (Costa and Manzo 1995; Manzo et al. 1996).
Monitoring these neurochemical changes (i.e. neurotransmitter levels,
metabolizing enzyme activities, and receptor functions) can be used as
biomarkers of effect to assess the risks posed by neurotoxicants on susceptible
populations (Manzo et al. 2001).

Monitoring wildlife health is often overlooked as a risk assessment strategy
to evaluate the impact of environmentally relevant concentrations of
neurotoxicants on humans and ecosystems (Fox 2001). Wildlife, such as mink,
pigeons, bald eagles, and polar bears can be used as sentinel species due to
their susceptibility to bioaccumulate neurotoxicants from the local environment
(Roperto and Galati 1998; Chan et al. 2003; Hoffman et al. 2003). For example,
chronic low-level chemical exposure from contaminated fish may have
deleterious effects on wild mink and river otter populations in the Great Lakes
basin (Wren 1991). These effects may be a result of exposure to
organochlorines and mercury (Hg), which are well known to impair normal
behaviour in laboratory animals (Rice 1996; Newland and Paletz 2000; Roegge
et al. 2004). While neurobehavioural tests are impractical to perform on wildlife,
biological tissues are routinely collected and concentrations of toxicants in
various organs can easily be measured to provide an indication of environmental

contamination on a spatial and temporal scale. Therefore, studying the
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neurochemical responses in wild animal tissues represents a novel tool to assess
the potential neurotoxic health risks in human populations that inhabit similar
ecosystems.

During the past 30 vyears, laboratory studies have characterized
neurochemical changes in animal models following exposure to a variety of
environmental neurotoxicants such as heavy metals, pesticides and solvents
(Costa 1988; Tilson and Kodavanti 1997; Castoldi et al. 2001; Jarry et al. 2002).
Disruptions of these neurochemical receptors and enzymes in the cholinergic and
dopaminergic nervous system have been linked to specific behavioural changes
in laboratory animals (Zhang and Creese 1993; Shih 2004; Wess 2004).
Recently, studies demonstrated that significant mercury exposure-related
changes exist in muscarinic acetylcholine (mACh) receptor and dopamine-2 (D2)
receptor binding characteristics in the cortex of wild mink collected across
Canada (Basu et al. 2005). While epidemiological studies of this nature are
possible using brain tissues collected from wild mammals, the human nervous
system is not accessible, and therefore direct neurochemical measurements
cannot be easily performed in humans. However, surrogate neurochemical
biomarkers in blood have been shown to reflect changes in the brain in response
to neurotoxicants and offer an ethical way to evaluate neurotoxicity in human
populations (Manzo et al. 1996). For example, cholinesterase (ChE) activity in
blood is currently used as a surrogate biomarker to monitor the toxic effects and
degree of organophosphate and carbamate exposure in agricultural workers who
frequently use pesticides (Wilson et al. 1996; Wilson et al. 1997). Other studies
have linked manganese and styrene exposure in industrial workers with
decreased monoamine oxidase (MAO) activity in peripheral blood platelets
(Checkoway et al. 1992; Smargiassi et al. 1995; Bergamaschi et al. 1997; Cohen
et al. 2002). Additionally, studies have related mACh receptors on peripheral
lymphocytes and MAO activity in platelets to clinical central nervous system
disease states such as schizophrenia, Parkinson’'s and Alzheimer's disease
(Bond et al. 1979; Fitzgerald et al. 1996; Tayebati et al. 2001; Zhou et al. 2001).
The potential application of these biomarkers as markers of neurotoxic effects
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requires further investigation.

Special considerations for biological sample collection and analysis are
required in human and wildlife studies. Frequently, populations at risk of
neurotoxic exposure are not in close proximity to adequate laboratory facilities
and therefore samples may require longer storage times under limited storage
temperatures. Factors such as storage temperature, length of storage time, and
freeze/thaw cycles prior to laboratory acquisition may affect biomarkers from both
human and wildlife tissue samples. In this paper, optimal collection and storage
procedures are outlined for measurement of biomarkers in tissue samples
acquired from human and wildlife populations. While several methods have been
developed for measurement of biochemical markers of neurotoxicity, they have
primarily been used to assess neurochemical changes in laboratory animals or in
small-scale human clinical studies (Costa 1998). Therefore, high-throughput and
cost-effective methods using microplates for the measurement of cholinergic and
dopaminergic biomarkers, including two neurotransmitter metabolizing enzymes,
ChE and MAO and two neurotransmitter receptors, mACh and dopamine-2 (D2)

receptors are described.

2.2 Materials and Methods
2.2.1 Chemicals

[*H]-Quinuclidinyl benzilate ([*H]-QNB; specific activity, 42 Ci/mmol) and
[*H]-spiperone (specific activity, 15.7 Ci/mmol) were obtained from NEN/Perkin
Elmer (Boston, MA, USA). Acetylcholine, atropine, bovine serum albumin, (+)-
butaclamol, choline oxidase, horseradish peroxidase, ketanserin,
polyethylenimine, resorufin, and all other reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and were of analytical grade or higher. 10-Acetyl-3,
7-dihydroxyphenoxazine (Amplex Red) was purchased from Molecular Probes,
Inc (Eugene, OR, USA).
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2.2.2 Blood

Blood samples were obtained from 6 healthy volunteers (25 to 55 years of
age, 3 females) into 10 ml Vacutainer-Tubes containing EDTA-K; by a registered
nurse. Plasma was isolated by centrifugation of whole blood (0.5 ml)‘ at 200 x g
for 10 min at 4°C. Lymphocytes were isolated based on the method described
by Boyum (Boyum 1968) with modifications. Briefly, blood samples were diluted
1:1 with balanced salt solution (BSS) (0.01% anhydrous D-glucose, 5 uM CaCl; ,
98 uM MgCl,, 0.54 mM KCI, 14.5 mM Tris base, 0.126 M NaCl; pH 7.6), layered
on Ficoll-Paque Plus reagent (Amersham Biosciences, Brown Deer, WI, USA),
and then centrifuged at 400 x g for 40 min at 18°C. The cell layer was washed
with BSS followed by centrifugation at 400 x g for 15 min at 18°C. The platelet
rich supernatant was removed and set aside, and the resulting lymphocyte-pellet
was washed, re-centrifuged, and suspended in NaK buffer (60 mM NaH;PO,, 5
mM KCI, 120 mM NaCl, pH 7.4) at 1 mg protein/ml. The platelet rich supernatant
was centrifuged at 2500 x g for 25 min at 4°C and the resulting pellet was
washed, re-centrifuged, and suspended in NaK buffer at 1.5 mg protein/ml. The
concentration of protein in lymphocytes and platelets was determined by the
method described by Bradford (Bradford 1976) using bovine serum albumin as
the standard, and cell numbers were counted with a hemocytometer.

2.2.3 Tissue

Brain tissues from mink were obtained from licensed fur trappers (Watson
Lake Region, Yukon Territory, Canada) or from a ranch-bred strain housed at
Michigan State University’'s Experimental Fur Farm (East Lansing, MI, USA).
Membrane preparations for receptor binding studies were prepared by
homogenization of brain cortex for 30 sec in cold NaK buffer followed by
centrifugation of the homogenate at 32,500 x g for 15 min at 4°C. The resulting
pellet was washed twice under the same conditions and the final pellet was re-
suspended in NaK buffer and immediately frozen in liquid nitrogen and stored at
—80°C until required. For comparative purposes, membranes were prepared in a

similar manner from rat cortex and striatal tissue obtained from adult Sprague-
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Dawley rat weighing 250-300 g (Charles Rivers, Montreal, QC, Canada). To
create enzyme preparation, mink cortex tissues were sonicated for 30 sec (Sonic
Dismembrator, Model 60, Fisher Scientific, Pittsburgh, PA, USA) in cold NaK
buffer and 0.1% Triton X-100, and centrifuged at 15,000 x g for 10 min at 4°C.
The concentration of protein in the membrane preparation and enzyme
supernatant were determined as described earlier.

2.24 MAO Assay

MAO activity was measured based on the method described by Zhou and
Panchuk-Voloshina (Zhou and Panchuk-Voloshina 1997) with modifications.
Human platelets were sonicated for 30 sec while submerged in an ice bath.
Samples were diluted with NaK buffer to a concentration in the linear detectable
range of the MAO assay (human platelets, 25 ug protein/100ul buffer; ranch-bred
mink cortex supernatant, 20 ug protein/100 ul buffer). Diluted samples (100
pl/well) were added to a 96-well microplate. Reaction was initiated with the
addition of 100 pl/well of NaK reaction buffer (100 uM Amplex Red, 2 U/ml
horseradish peroxidase, and 4 mM tyramine). The reaction co-product, H;O., is
detected by a horseradish peroxidase coupled oxidation of Amplex Red, forming
the fluorescent product resorufin. Fluorescence was measured every 5 min
between 30-90 min at 540/590 by a fluorometric plate reader (Wallac Victor 2,
Perkin Elmer, Boston, MA) at 23 °C. The concentration of resorufin was
determined from a standard curve (0.5 - 5 uM resorufin), and specific activities of
samples were expressed as pmol of resorufin per min per mg of protein. NaK
buffer was used as a sample blank and 2.5 yM H,0, was used as a positive

control.

2.2.5 ChE Assay

ChE activity was measured based on a modified version of the previously
described methods (Zhou et al. 1997; Zhou et al. 2000). Human and ranch-bred
mink tissue samples were diluted with NaK buffer to a concentration in the linear
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detectable range of the ChE assay (human plasma, 20 nl plasma/100ul buffer;
mink cortex supernatant, 1 ug protein/100 ul buffer). Diluted samples (100
pl/well) were added to a 96-well microplate. Reaction was initiated with the
addition of 100 pl/well of NaK reaction buffer (100 uM Amplex Red, 2 U/ml
horseradish peroxidase, 0.2 U/ml choline oxidase and 100 pM acetylcholine). The
initial reaction co-product, choliﬁe, is oxidized by choline oxidase, producing H,0»
as a co-product which is detected as described above. Fluorescence and
specific activity was detected and calculated as described above and expressed

as nmol of resorufin per min per mg of protein or ml of plasma.

2.2.6 mACh Receptor Binding Assay

The receptor binding assay for the mACh receptor was performed on a 96-
well 0.22 uM GF/B glass filter system (Millipore, Boston, MA, USA). Human
lymphocytes (20 pg protein/well) or cortex membrane preparations (20 pg
protein/well) were pre-incubated in NaK buffer for 30 min at 25°C. Samples were
incubated with [°H]-QNB (0.01 nM - 3.2 nM for cortex samples and 1.0 nM — 100
nM for lymphocytes (Costa et al. 1990)), a mACh receptor specific radioligand,
for 60 min at 25°C under constant agitation in a total volume of 200 pl. The
incubation was terminated by rapid vacuum filtration and the filters were washed
three times with NaK buffer. Freeze/thaw and storage temperature experiments
with mink membrane preparations were performed in culture tubes and the total
volume of the sample in each tube was 1 ml. The incubation was terminated by
rapid vacuum filtration through 0.22 uM GF/C glass filters (Millipore Inc., Boston,
MA, USA) and the filters were washed three times with ice-cold NaK buffer. All
extracted filters were soaked overnight in liquid scintillation cocktail. Radioactivity
retained by the filters was quantified by a liquid scintillation counter (LKB Wallac
1209 Rackbeta) with approximately 65% counting efficiency. Specific binding
was defined as the difference in [°H]-QNB bound in the presence and absence of

100 pM atropine.
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2.2.7 D2 Receptor Binding Assay

The receptor binding assay for the D2 receptor was modified for a 96-well
0.22 uM GF/B glass filter system (Millipore, Boston, MA, USA). Brain membrane
preparations were pre-incubated in Tris buffer (60 mM Tris, 5mM KCI, 2mM
MgCl,, pH 7.4) for 30 min at 25°C. Samples (20ug protein) were incubated with
various concentrations (0.1 nM - 5.6 nM) of [°H]-spiperone, the D2 specific
radioligand, for 90 min at 25°C under constant agitation in a total volume of 200
pl. The termination of the incubation and subsequent quantification of
radioactivity retained was completed as described earlier. Specific binding was
defined as the difference in [*H]-spiperone bound in the presence and absence of
100 uM (+)-butaclamol. To reduce non-specific binding of the radioligand, filters
were soaked for 30 min in 0.5% (w/A) polyethylenimine prior to use, and 50 uM
ketanserin (5-HT, receptor antagonist) was added to each well to prevent binding
of [*H]-spiperone to 5-HT, receptors.

2.2.8 Effects of Storage Time and Temperature

The effects of storage time and temperature on receptor binding
characteristics and enzymatic activity were evaluated. Ranch-bred mink cortex
samples, and human platelet, lymphocyte, or plasma samples wére stored at +4,
-20, or —80°C for 2, 7, or 28 days prior to analysis. In addition, samples were
stored in a second -20°C freezer, equipped with an automated defrost cycle.
Wild mink cortex samples used to evaluate the effects of storage temperature on
receptor binding characteristics were stored for 7 days. All values were converted
to % of biomarker function of the respective time-zero tissue samplés. Receptor

binding and enzymatic assays were conducted as described above.

2.2.9 Effects of Freeze/Thaw Cycling

To assess effects of multiple freeze/thaw cycles, cortex tissues from mink
were subjected to 1, 2, or 3 freeze/thaw cycles (-80°C to 4°C for 24 hr) prior to

membrane or cell lysate preparation. Wild mink cortex tissues were used in
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receptor studies and ranch-bred mink cortex tissues were used in enzyme
studies. All values were normalized to % of the biomarker function of the
respective time-zero tissue samples. Receptor binding and enzymatic assays
were conducted as described above.

2.3 Statistical Analysis

_ A p-value less than or equal to 0.05 was considered statistically significant
in all analyses. A two-way repeated-measures analysis of variance (ANOVA)
was used to examine the effects of storage temperature and time on biomarkers.
A one-way repeated-measures ANOVA was used to assess the effects of
freeze/thaw cycling on biomarkers. When an overall significance resulted, post-
hoc pair-wise comparisons were performed using Tukey-Kramer test. An
unpaired f-test was used to compare receptor binding characteristics in ranch-
bred and wild mink. Data from all receptor-binding studies were curve fitted using
GraphPad Prism (Version 3.02, GraphPad Software Inc., San Diego, CA, USA) to
calculate receptor density (Bmax) and ligand affinity (Ks). The relationship
between calculated Bmax Or Ky values and specific binding at a single radioligand
concentration in wild mink cortex (n=39) were determined using Pearson
correlation on mACh receptor raw data previously reported by Basu et al (Basu et
al. 2005). All statistics were analyzed using SigmaStat Statistical Software
(Version 2.03, SPSS Inc. San Rafael, CA, USA).

2.4 Results
2.4.1 Isolation of Platelet and Lymphocytes

Recoveries of blood cells were determined from each blood tube. A 10 mli
tube of human blood yielded an average of 4.6 x 10% + 1.0 x 108 platelets (1.9 +
0.3 mg of protein; n = 6) and 6 x 10° + 2 x 10° lymphocytes (0.54 + 0.2 mg of
protein; n = 6).
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2.4.2 Enzyme Activity

The MAO assay was optimized for human platelet concentrations and the
activity was shown to be linear between 2.5 - 50 ug of protein per well. MAO
activity in mink cortex supernatant was shown to be linear between 10 - 60 ug of
protein per well. Mean MAO specific activities were 246.9 £ 64.0 pmol/min/mg
and 207.9 + 17.8 pmol/min/mg for human platelet and mink cortex supernatant,
respectively.

The ChE assay was optimized for amount of tissue required and activity
was linear between 6 — 50 nl of human plasma per well and between 0.5 —- 4 pug
of mink cortex supernatant protein per well. Mean ChE specific activities were
322.9 + 64.0 nmol/min/ml and 6.6 £ 1.4 nmol/min/mg for human plasma and mink
cortex, respectively. The intra-assay variation was consistently less than 6% for
both enzyme assays.

2.4.3 Receptor Binding
Saturation binding curves for specific [’H]-QNB binding to the mACh

receptor in human lymphocytes, wild mink cortex and rat striatal samples are
shown (Figures 2.1A and 2.1B, respectively). Analysis of mACh receptor binding
in human lymphocytes resulted in a mean Bnax of 370.8 fmol/mg protein and a Ky
of 49.3 nM. Analysis of cortex mACh receptor binding data from wild mink
resulted in a mean Bpax Of 721.5 £ 227.2 fmol/mg protein and K4 of 0.11 + 0.02
nM. These values were not significantly different from values previously reported
in ranch-bred mink cortex samples (Bmax, 801.8 + 107.8 fmol/mg protein; Kq4, 0.14
+ 0.05 nM) (Basu et al. 2005). Non-specific binding, as determined by incubation
of samples with atropine, was 65-75% total binding at 10 nM [*H]-QNB for
lymphocytes and consistently less than 4% of total binding at 0.1 nM [*H]-QNB for
mink and rat cortex samples. Intra-assay variations were determined from
triplicate analysis and were consistently less than 6%.

Experiments were conducted to characterize the high-affinity D2 binding
site and a typical saturation-binding curve using 6 concentrations of [*H}-
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spiperone (0.1-5.6 nM) is shown for mink cortex and rat striatum (Figure 2.2).
Analysis of cortex D2 receptor binding data from wild mink resulted in a mean
Bmax and Ky of 112.2 + 32.8 fmol/mg/protein and 1.64 + 0.33 nM, respectively. D2
receptor densities in cortex from ranch-bred mink (96.5 + 39.1 fmol/mg/protein,
n=6) were not significantly different than mean values from wild mink. Non-
specific binding, as determined by incubation of samples with (+)-butaclamol, was
45-55% of total binding at 1.8 nM [°*HJ-spiperone.

In order to determine if a single concentration of radioligand can predict
Bmax and Ky values in cortex tissue of wild mink populations, Pearson correlations
were performed. For the mACh receptor, specific binding at 1.0 nM *H-QNB
correlated with Byax (n=39, R = 0.986) but not Ky (n=39, R=0.298). D2 receptor
Bmax correlated with specific binding at 3.2nM *H-spiperone (n=39, R=0.80), while
correlations with Ky were weaker (n=39, R=0.373).

2.4.4 Effect of Storage Temperature and Time

Both storage temperature and time had a significant effect on MAO activity
in human platelets (Figure 2.3A). Platelet-MAO activity was unaffected following
storage up to 4 weeks at 4°C. MAO activity decreased by 30 and 55% following
storage for 2 days, at —80°C and —20°C, respectively when compared to fresh
samples. Platelet-MAO activity continued to decrease while stored at —20°C,
however activity did not decrease further while stored at -80°C for 4 weeks. No
significant effects of storage temperature or time on ChE activity in plasma
samples were observed (Figure 2.3B). Specific mACh receptor binding in
lymphocytes was altered by time and temperature. Receptor binding was
unaffected following storage at 4°C for up to 2 days, however, binding decreased
by more than 40% after longer storage times (Figure 2.3C). Lymphocytes stored
at —20°C exhibited decreased specific binding relative to fresh samples. Specific
binding in lymphocytes stored at —80°C for less than 7 days were similar to fresh
samples; however sample variation appeared to increase over time.

Storage conditions modulated both MAO and ChE activity in mink cortex
samples (Figure 2.4A, 4B). Mink cortex samples stored at —80°C for longer than
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7 days and at —20°C for longer than 2 days resulted in a 25% decrease in MAO
activity. Mink cortex ChE activity also decreased significantly after 2 days of
storage at —80°C and —20°C. However, storage time did not alter MAO and ChE
as the activity remained stable during the remaining storage period at all storage
conditions. Tissue samples stored at 4°C and in the —20°C defrost freezer
exhibited no significant change in MAO or ChE activity during the storage period.
Both mACh and D2 receptor Bmax values from mink cortex samples were
unaffected by 4°C, —20°C, and —80°C storage for 7 days, while storage in the —
20°C defrost freezer decreased Bmax values (Figure 2.5A, 5B). Ky values for
mACh receptors from mink cortex significantly increased following storage at all
conditions, while there was no apparent change in Ky values for D2 receptors
from samples stored at -20°C and —-80°C.

2.4.5 Effects of Freeze/Thaw Cycling on mink tissue

Mink cortex MAO activity decreased by 18 and 21% following the second
and third freeze/thaw cycles, respectively. Mink cortex ChE activity was not
significantly affected by muitiple ffeeze/thaw cycles, however a decreasing trend
in activity was observed with repeated cycles (Table 2.1).

Both D2 and mACh receptor binding characteristics were altered following
multiple freeze thaw cycles (Table 2.1). mACh receptor Bnax increased by 21 and
30%, and Ky values increased by 180 and 120%, following the first and second
freeze/thaw cycles, respectively. Similarly, the D2 receptor Bmax values increased
by 46 and 53%, and Ky values increased by 40 and 95% following the first and
second freeze/thaw cycle, respectively.

2.5 Discussion

Alterations in neurochemical markers such as MAO and ChE enzyme
activity, and D2 and mACh receptor binding characteristics, which result from
neurotoxicant exposure, can be used as quantitative measures in the early

stages of neurotoxicity. Relatively few studies have examined the relationships
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among these neurochemical biomarkers and toxicant exposure in wildlife or
human studies at a population level (Costa and Manzo 1995). In order to
demonstrate the feasibility of measuring these biomarkers from field samples, the
limits of storage and transport conditions were identified. Methods for assays that
are suited for processing large batch samples are also described.

The assays described here address several previous methodological
limitations (efficiency, cost and sensitivity) that can restrict the application of
neurochemical biomarker analysis. Previously described methods for the
measurement of neurochemical parameters often involve time-consuming
multiple step procedures performed in test tubes (Cagiano et al. 1990; Costa et
al. 1990; Chakrabarti et al. 1998). Methods that involve the detection of a
fluorescent oxidized product of Amplex Red for the continuous measurement of
MAO and ChE activity have been previously evaluated using cow brain tissue
and purified enzymes, respectively (Zhou and Panchuk-Voloshina 1997; Zhou et
al. 2000). In the present paper, data show that these microplate assays can be
used to measure enzyme activity in human platelets, plasma, and mink cortex
tissue. These single step assays allow for the analysis of 26 samples in less than
2 hr of lab work. The mACh and D2 receptor-binding assay were also adapted
for use in 96-well filter plates and describe methods that allow saturation receptor
binding curves (6 concentrations of radioligand) to be measured for 12 samples
in less than 5 hours of laboratory work. Correlative studies performed with wild
mink cortex receptor binding curves validated the use of a single concentration of
ligand, *H-QNB or >H-spiperone, to represent Bmay, but not Ky values. Therefore,
using a single radioligand concentration would allow the measurement of 72
samples in less than 5 hours. While these microplate assays exhibited non-
specific binding patterns for cortex membranes that were similar or lower than
previously reported values using individual filters (Fitzgerald and Costa 1993),
our lymphocytes microplate experiments revealed higher non-specific binding
values (65-75% of total binding) when compared to previous unpublished data
from our laboratory (25-35% of total binding) (Stamler and Chan, unpublished
observation). The high throughput and cost-effective nature of these microplate
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assays allow for ease in measurement of the neurochemical biomarkers in the
laboratory.

Populations in rural and isolated communities are susceptible to exposure
to enviroﬁmental contaminants because of their dependence on traditional food
for subsistence (Kuhnlein and Chan 2000). In addition, occupational exposure in
industries such as mining and agriculture often occur in areas distant from major
centers and laboratory facilities. Therefore, studies performed on isolated or
dispersed populations require longer sample storage times under limited storage
conditions prior to delivery to the laboratory for analysis. Methods have been
developed for ChE measurement in the field, but are not as sensitive and
accurate as laboratory based methods (Wilson et al. 1996; Oliveira et al. 2002).
The measurement of stored biomarkers can be affected by several conditions
including protein denaturation, oxidation, proteolysis, and microbial
contamination, which may be dependent upon storage conditions such as
temperature, freeze/thaw cycles, and storage time. Data indicated that isolated
blood platelets and plasma could be stored at 4°C for up to 4 weeks prior to
measurement of MAO and ChE without significantly altering enzyme activity.
Therefore minimal laboratory facilities (i.e. centrifuge) are required in the field
prior to delivery of samples to laboratory facilities, and biomarkers will remain
stable if shipped on ice. Data also indicated that freezing human platelet reduces
MAO activity, a possible result of ice crystal formation and protein denaturation
(Franks 1985). Similarly, mACh receptor binding on isolated lymphocytes is best
performed on fresh, unfrozen cells that have been stored for less than 2 days on
ice. These data suggest that use of these biomarkers for epidemiological studies
in isolated communities can be justified, provided proper storage conditions are
maintained.

Evaluating neurotoxic effects in wildlife tissue by measuring cellular protein
biomarkers can be complicated due to unknown and uncontrollable temperature
conditions during post-mortem storage. Here studies show that tissue storage at
4°C or in a —20°C defrost freezer did not affect MAO and ChE enzyme activity,

relative to time-zero samples. While mink cortex D2 and mACh receptor Bnax
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values were not affected by storage temperature, mACh receptor affinity (Kq)
fluctuated and could not be considered a reliable endpoint. It is possible that
subtie protein damage from storage and temperature changes may have resulted
in decreased ligand affinity (Kg) but not altered membrane receptor density (Bmax).
Wildlife carcasses may undergo multiple freeze/thaw cycles prior to laboratory
acquisition, producing additional protein damage. These data suggest that
multiple freeze/thaw cycles affect MAO activity and both mACh and D2 receptors
binding characteristics, but not ChE activity. Stability of ChE under a range of
storage temperatures has been previously reported (Balland et al. 1992; Phillips
et al. 2002). In summary, while storage conditions generally do not alter these
biomarkers in wildlife samples, some parameters are sensitive to temperature

fluctuations, and therefore storage conditions should be monitored.

It has been shown that neurochemical changes precede behavioural
changes in multiple animal models, and have been proposed as biomarkers of
early nervous system dysfunction (Costa and Manzo 1995; Manzo et al. 1996;
Manzo et al. 2001). In this study, data show that several biomarkers of
neurotoxicity can be measured from human participants and from wild mink
samples if optimal storage conditions are used and storage logs maintained.
Based on our findings, future epidemiological studies can begin to relate
neurotoxicant exposure with changes in neurochemical parameters in human and

wildlife populations.
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Table 2.1. Effects of multiple freeze/thaw cycles
characteristics and enzyme activity in mink cortex

on receptor binding

# mACh Receptor Binding D2 Receptor Binding ..
Freeze Characteristics Characteristics Enzyme Activity
Thaw ;
CyCIeS Bmax Kd Bmax Kd MAO ChE

0 1002 1002 1002 1002 1002 1002

1 121.2+46° 283.1+248° 1465+125° 141.1+27.27 88.1+10.9° 103.7+16.5°

2 130.2+4.8° 217.4+19.0° 1534+7.7° 1958=%428"

822+9.3° 89.3+7.1°

79.5+6.3° 85.9 +7.6°

ab | etters denote significant (p<0.05) differences within columns

Values expressed as % time-zero + SD (n=6)
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Figure 2.1: Saturation binding curve for specific [°H]-QNB binding to the mACh
receptor. (A) Specific binding in human whole cell lymphocytes with 10
concentrations of radioligand (1 — 100nM). Values are means of duplicate
determinations from lymphocytes pooled from 6 subjects. (B) Specific binding in
mink and rat cortex membrane preparations with 6 concentrations of radioligand
(0.01 - 3.2 nM). Values are the means of duplicate determination from a
representative experiment. Specific binding was obtained by subtracting non-

specific (presence of 100 uM atropine) from total binding.
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Figure 2.2: Saturation binding curve for specific [*H]-spiperone binding to the D2
receptor in mink cortex and rat striatal membrane preparations with 6
concentrations of radioligand (0.1 — 5.6 nM). Inset, y-axis adjusted to show
specific [°H]-spiperone binding to mink cortex membrane preparations. Specific
binding was obtained by subtracting non-specific (presence of 100 uM (+)-
butaclamol) from total binding. Values are the means of triplicate measurements
from a representative experiment.
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Figure 2.3: Effects of storage time and temperature on (A) MAO, (B) ChE, and
(C) mACh receptor function from human blood samples (n=6). Samples were
stored at 4°C, -20°C, -80°C or in a —20°C defrost freezer for 2, 7 and 28 days
prior to measurement. Each bar represents the mean + SD as % activity or
binding measured in fresh tissue samples. Statistical analysis was performed
using a two-way repeated measure ANOVA followed by Tukey's multiple
comparison test. Letters indicate significant differences (p < 0.05).
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Figure 2.4: Effects of storage time and temperature on (A) MAO, and (B) ChE
activity in mink cortex samples (n=6). Samples were stored at 4°C, -20°C, -80°C
or in a —20°C defrost freezer for 2, 7 and 28 days prior to measurement. Each
bar represents the mean + SD as % enzyme activity measured at time-zero.
Statistical analysis was performed using a two-way repeated measure ANOVA
followed by Tukey's multiple comparison test. Letters indicate significant
differences (p = 0.05).
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Figure 2.5: Effects of storage time and temperature on (A) mACh and (B) D2
receptor binding characteristics in mink cortex (n=3) membrane preparations.
Samples were stored at 4°C, -20°C, -80°C or in a —20°C defrost freezer for 7 days
prior to measurement. Each bar represents the mean £ SD as % mACh or D2
receptor Bmax Or Ky measured at time-zero. Statistical analysis was performed
using a two-way repeated measure ANOVA followed by Tukey's multiple
comparison test. Letters indicate significant differences (p < 0.05).
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Connecting Paragraph

Chapter 2 describes microplate techniques for measuring muscarinic
acetylcholine (mACh) receptor. Mercury compounds have been shown to inhibit
the function of the mACh receptor, but only in the rat brain tissue. This next
chapter examines if this interaction is consistent in other species, specifically
humans. Autopsied human brain tissue obtained from the Douglas Hospital Brain
Bank was used to compare the interactions of Hg compounds on mACh receptor
binding with other relevant species. This study provides additional evidence that
mACh receptors can be used as a molecular target of Hg exposure in several
species including humans. The wildlife component of this manuscript is the
primary focus of N. Basu's PhD thesis.
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Chapter 3: An inter-species comparison of mercury inhibition on
muscarinic acetylcholine receptor binding in the cerebral cortex

and cerebellum?
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Stamler and H.M. Chan, An inter-species comparison of mercury inhibition on
muscarinic acetylcholine receptor binding in the cerebral cortex and cerebellum,
pages 71-76, Copyright 2005, with permission from Elsevier
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Abstract

Mercury (Hg) is a ubiquitous pollutant that can disrupt neurochemical
signalling pathways in mammals. It is well-documented that inorganic Hg (HgCly)
and methyl Hg (MeHg) can inhibit the binding of radioligands to the muscarinic
acetylcholine (mACh) receptor in rat brains. However, little is known concerning
this relationship in specific anatomical regions of the brain or in other species,
including humans. The purpose of this study was to explore the inhibitory effects
of HgCl, and MeHg on [3H]-quinuclidinyl benzilate ([°H]-QNB) binding to the
mMACh receptor in the cerebellum and cerebral cortex regions from human, rat,
mouse, mink, and river otter brain tissues. Saturation binding curves were
obtained from each sample to calculate receptor density (Bm;x) and ligand affinity
(Kq). Subsequently, samples were exposed to HgCl, or MeHg to derive 1C50
values and inhibition constants (Ki). Results demonstrate that HgCl; is a more
potent inhibitor of mACh receptor binding than MeHg, and the receptors in the
cerebellum are more sensitive to Hg-mediated mACh receptor inhibition than
those in the cerebral cortex. Species sensitivities, irrespective of Hg type and
brain region, can be ranked from most to least sensitive: river otter > rat > mink >
mouse > humans. In summary, our data demonstrate that Hg can inhibit the
binding [°H]-QNB to the mACh receptor in a range of mammalian species. This
comparative study provides data on inter-species differences, and a framework

for interpreting results from human, murine, and wildlife studies.
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3.1 Introduction

Mercury (Hg) is a hazardous trace metal that is released into the
environment from both natural and anthropogenic sources (ATSDR 1999; Wiener
et al. 2003). Hg can exist in one of three allotropic forms: elemental Hg (Hg®),

+/++

inorganic Hg (Hg™""), and organic Hg. Each form of Hg has distinct chemical
properties that can affect its distribution and effects at the level of the cell,
organism, and ecosystem. In freshwater ecosystems methyl Hg (MeHg), the
predominant type of organic Hg, is assimilated by aquatic organisms and
biomagnified through the food web from 10,000 to 100,000 times (ATSDR 1999).
As a result, dietary consumption of aquatic animals, such as fish, represents the
major route of Hg exposure for human and wildlife populations. This is of
particular concern for groups that depend upon fish products as an important
source of nutrients, such as remote communities (e.g. inhabitants in the Faroe
Islands and Brazilian Amazon), indigenous peoples that rely on subsistence
hunting, and obligate fish-eating wildlife (e.g. mink and river otter) (Chan et al.
2003).

Once in the body, MeHg can be transported across the blood-brain-barrier
via a carrier-mediated system (Aschner and Aschner 1990), facilitating its
neurotoxicity. MeHg can be metabolized to the divalent cation, although the
capacity of the brain to do so is limited when compared to other organs. As such,
both Hg** and MeHg are found in mammalian brains, although there is still
debate as to which form of Hg is the primary toxic compound (Charleston et al.
1996, Eto, 1997). Histopathological examinations of brain tissues collected from
humans (Eto 1997), experimental rodents (Nagashima 1997), and wild animals
(Wobeser and Swift 1976) exposed to Hg demonstrated widespread neuronal
degradation and associated proliferation of glial cells. While the toxicity of Hg
can be classified as non-specific given its high affinity for sulfhydryl groups, it is
evident that certain anatomical regions of the brain, such as the granule cells of
the cerebellum and calcarine region of the occipital cortex, are particularly at risk
(Eto 1997). Due to these structural effects, multiple studies have demonstrated
that humans and wildlife exposed to Hg can suffer from a range of adverse
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functional neurobehavioural impairments to motor (e.g. ataxia, paresthesia,
insomnia, tremors) and sensory (e.g. peripheral vision, deafness, hallucinations)
systems (reviewed by (ATSDR 1999).

Given its non-discriminate mode of toxicity, the specific cellular
mechanisms underlying Hg’s toxic effects on the nervous system are still unclear.
Hg can disrupt signalling pathways that facilitate cellular communication
throughout the central and peripheral nervous systems. For example, Hg can
impair components of the muscarinic cholinergic (mACh) signalling pathway
including choline acetyltransferase activity (Kobayashi et al. 1979; Omata et al.
1982), choline uptake (Bondy et al. 1979; Kobayashi et al. 1979), and
acetylcholinesterase activity (Tsuzuki 1981). Receptor binding studies have also
demonstrated that Hg can directly prevent the binding of radioactive ligands to
the mACh receptor in rats (Bondy and Agrawal 1980; Von Burg et al. 1980; Abd-
Elfattah and Shamoo 1981; Castoldi et al. 1996). The mACh receptor belongs to
a highly conserved class of transmembrane receptors that are coupled to
guanine nucleotide binding proteins (G-protein) (Wess 1996). Given the
physiological importance of G-protein mediated signalling cascades, disruption of
endogenous ligand (i.e. acetylcholine) binding to the mACh receptor, as a result
of Hg exposure, can have profound impacts on diverse functions, including
memory, locomotion, and thermoregulation (Wess 2004).

While it is established that Hg can inhibit mACh receptor binding in the
brain of rats, the extent of this inhibition has not been studied in specific brain
regions or in different mammalian species, including humans. As a result, the
current study was conducted to characterize the effects of HgCl, (inorganic Hg)
and MeHg (organic Hg) on mACh receptor ligand binding on tissues (cerebral
cortex and cerebellum) from human, murine, and wildlife samples. This
comparative approach allowed us to test the null hypothesis that relevant
toxicological factors (i.e. mercury type, brain region, animal species) do not affect
mACh receptor binding.
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3.2 Materials and Methods
3.2.1 Chemicals

[*H]-Quinuclidinyl benzilate ([*H]-QNB; 42 Ci/mmol) was obtained from
NEN/Perkin Elmer (Boston, MA, USA). Atropine, bovine serum albumin, (+)-
butaclamol, ketanserin, and mercuric chloride (HgCl,, 99.6% purity) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Methyl mercury chloride
(>95% purity) was obtained from Alfa Aesar (Ward Hill, MA, USA).

3.2.2 Samples

Brain tissues (n=6; age 1 yr; 6 females) from mink (Mustela vison) were
obtained from a captive colony maintained at the Experimental Fur Farm,
Michigan State University (East Lansing, MI, USA). Brain tissues (n=6; age = 1-3
yr; 4 males, 2 females) from wild river otters (Lontra canadensis) were collected
from licensed trappers in Nova Scotia (Canada). Human brain tissues (n=5;
age=52-64 yr; 3 males, 2 females) were obtained from the Douglas Hospital
Research Centre Brain Bank (Montreal, QC, Canada). Brain tissues (n=6) from
adult Sprague-Dawley rats (age = 5-7 mo; 6 females) and adult mice (age = 3-6
mo; 6 females) were obtained from the Animal Care facilities at McGill University
(Montreal, QC, Canada). Ethics approval was obtained from McGill University for
all aspects of this study.

3.2.3 Preparation of Cellular Membranes

Brain tissues from each animal were dissected into cerebral cortex and
cerebellum regions and stored at -80°C until analysis. To prepare membranes,
tissues were homogenized in ice-cold NaK buffer (50 mM NaH,PO,4, 5§ mM KCI,
120 mM NaCl, pH 7.4). The homogenate was centrifuged at 32,000 g for 15 min
at 4 °C, and the resulting pellet was washed twice under the same conditions.
The final pellet was re-suspended in NaK buffer and aliquots were immediately
frozen in liquid nitrogen and stored at —80 °C until required. The concentration of
protein in the membrane preparation was determined with the Bradford assay

53



(Bradford 1976) using bovine serum albumin as external standard.

3.2.4 Development of [PH]-QNB Saturation Binding Curves

Membrane preparations from brain tissues (20ug) were pre-incubated in
NaK buffer for 30 min at 25 °C in triplicate on 96-well 0.22uM GF/B filter plates
(Millipore Inc., Boston, MA, USA). Samples were mixed with various
concentrations (0.01 to 3.2 nM) of the mACh receptor antagonist, [°H]-QNB, for
60 min at 25 °C with gentle agitation. Receptor bound [°H]-QNB was separated
from free [°H]-QNB by vacuum filtration, and the filters were washed three times
with NaK buffer. Filters were extracted and allowed to dissolve overnight in liquid
scintillation cocktail (ICN Biomedicals, Aurora, OH, USA). Radioactivity retained
by the filters was quantified by a liquid scintillation counter (LKB Wallac 1209
Rackbeta) with approximately 65% counting efficiency. Specific binding was
defined as the difference in [°H]-QNB bound in the presence and absence of 100
uM atropine.

3.2.5 Hg Inhibition Studies

Membrane preparations from brain tissues (20ug) were incubated with a
range of MeHgCl or HgCl; (0 to 1000uM) for 15min in 96-well 0.22uM GF/B filter
plates (Millipore Inc., Boston, MA, USA). Following the incubation period,
receptor binding assays were performed on each sample as described
previously. Samples were incubated with 0.1nM to 0.3nM [*H]-QNB, reflecting
concentrations that closely approximated ligand affinity (Kq) for a given sample.

3.3 Statistical Analysis

Data from receptor binding studies were curve fitted using a non-linear
regression program (GraphPad Prism Version 3.02, GraphPad Software Inc.,
San Diego, CA, USA) to calculate receptor density (Bmax) and ligand affinity (Kq)
according to the following equation:
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Y = (Bmax)(R)/Kq + R,

where Y represents specific binding (fmol/mg protein), R represents the
concentration of radioligand, Bmax represents receptor density (fmol/mg protein),
and Ky represents ligand affinity (nM).

For in vitro studies, concentrations of HgCl, and MeHgCI that cause 50%
inhibition of control binding (IC50) were calculated (GraphPad Prism, Version
3.02, GraphPad Software Inc., San Diego, CA, USA). To alleviate the influence
of radioligand concentration and ligand affinity on IC50 data, inhibition constants
(Ki) were derived to describe the affinity of the mACh receptor for Hg. The IC50
data was normalized according to the Cheng-Prusoff equation (Cheng and
Prusoff 1973):

Ki = IC50/1+((R)/Kg),

where Ki represents the inhibition constant, R represents the concentration
of radioligand tested, and Ky represents the ligand affinity.

A p-value less than, or equal to, 0.05 was considered statistically
significant in all analysis, and data are represented as mean + SEM. Two-way
ANOVAs were used to compare receptor Bmax and Kyq (mammalian species x
brain region). Three-way ANOVAs were used to compare inhibition data
(mammalian species x brain region x Hg type). When significant differences
were detected, Tukey’s post hoc tests were applied.

3.4 Results
Binding of [°H]-QNB to mACh receptors exhibited one-site binding in all
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species studied. Representative saturation binding curves for cerebral cortex
(Fig 3.1A) and cerebellum (Fig 3.1B) are shown. mACh receptor Bnax was
significantly higher in the cerebral cortex compared to the cerebellum across all
species (F=16.452, df=4, P<0.001; Table 3.1). Both mouse cerebellum and
mouse cortex mACh receptor Bnax was highest compared to all other species.
There were no significant differences in mACh receptor K4 in the cerebellum
among the species tested.

IC50 (Table 3.2) and Ki (Table 3.3) data were derived for each sample.
Analysis of data by three-way ANOVAs revealed significant differences between
the factors (i.e. species, type of Hg, brain region). HgCl, was more potent in
inhibiting MACh receptor binding compared to MeHg (IC50: F=44.368, df=1,
P<0.001; Ki: F= 39.908, df=1, P<0.001). While IC50 and Ki values were higher in
MeHg exposed samples compared to HgCl, in both brain regions tested across
all species, this difference was only significant in the mink cortex, human cortex,
and human cerebellum (Tables 3.2 and 3.3).

Inhibition of MACh receptor binding was more potent in the cerebellum
compared to the cerebral cortex (IC50: F=44.368, df=1, P<0.05; Ki: F= 22.784,
df=1, P<0.001). While there were no differences in IC50 and Ki between the
human cerebellum and cortex exposed to HgCl,, there was a significant
difference in MeHg inhibition under the same conditions (Tables 3.2 and 3.3).

There were significant differences in mACh receptor inhibition among the
species tested (IC50: F=113.078, df=4, P<0.001; Ki: F= 93.062, df=4, P<0.001).
Following exposure to I-igCIz or MeHg, IC50 and Ki values were generally highest
in human tissue samples (Table 3.3). Irrespective of Hg type and brain region
studied, species sensitivities could be ranked from most to least sensitive as:
otter > rat > mink > mouse > humans (Fig 3.2 and 3.3).
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3.5 Discussion

The major finding of this study is that HgCl, and MeHg can inhibit the
binding of [°’H]-QNB to the mACh receptor in the cerebellum and cerebral cortex
regions in several mammalian species. Specifically, HgCl; is a more potent
inhibitor of mACh receptor binding than MeHg, and the receptors in the
cerebellum are more sensitive than those in the cerebral cortex. Species
sensitivities, irrespective of Hg type and brain region, can be ranked from most to
least sensitive as: otter > rat > mink > mouse > humans.

It is still unclear which allotropic form of Hg is the primary neurotoxicant in
mammals. Some have. suggested that the latency period associated with Hg
neurotoxicity is attributable to the accumulation of mercuric ions in the brain as a
result of slow de-methylation processes (Charleston et al. 1996). This notion is
supported by the current and previous studies that collectively demonstrate HgCl»
is a more potent inhibitor of mACh receptor binding than MeHg (Bondy and
Agrawal 1980; Von Burg et al. 1980; Abd-Elfattah and Shamoo 1981; Castoldi et
al. 1996). Interestingly, the disparate effects on receptor binding inhibition by
inorganic and organic Hg were more prominent in human tissues.
Physicochemical differences between HgCl, and MeHg likely facilitate these
observations. First, HgCl; has two potential binding sites while MeHg has one
available binding site, suggesting the divalent cation is more reactive with
multiple amino acids (Abd-Elfattah and Shamoo 1981). Second, MeHg is more
likely to interact with proteins and functional groups that are embedded within the
lipid bilayer since the organic compound is more hydrophobic than HgCl,. Third,
inhibition of mMACh receptor binding by HgCl, has previously been described as
non-competitive while that of MeHg is competitive (Castoldi et al. 1996). Based
on these facts, HgCl. likely binds two thiol groups located near the extracellular
membrane surface in a manner that would mask the mACh receptor binding site,
while MeHg may prefer a single thiol group located closer to the receptor binding
domain to prevent direct binding of ligands. Future studies are required to test
the validity of this hypothesis.

The mACh receptor is divided into five classes (M1 to M5) based on
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pharmacological function. The stimulation of M1, M3, and M5 isoforms (coupled
to Ggy11-protein) causes increases in intracellular [Ca?'] by activating
phospholipase C, whereas the stimulation of M2 and M4 isoforms (coupled to
Gio-protein) decreases cyclic AMP (cAMP) levels by inhibiting adenylyl cyclase
activity (Wess 1996; Caulfield and Birdsall 1998). The conservation of this
receptor family across mammalian species is evident by examining the amino
acid sequences among rat, mice and humans greater than 98% and 95%
homologous for the M1 and M2 isoforms, respectively (Caulfield and Birdsall
1998). While we did not discern the effects of Hg on the various mACh receptor
isoforms, a previous study demonstrated that MeHgOH and HgCl; are equipotent
inhibitors for the M1 receptor, but HgCl, is a more potent inhibitor of the M2
receptor (Castoldi et al. 1996). High densities of M2 receptors are located within
the cerebellum and occipital cortex of mammals (Wei and Hung 1990; Gu 2003);
the two brain areas particularly susceptible to Hg exposure based on evidence
from humans (Eto 1997), rodents (Nagashima, 1997), and wildlife (Wobeser and
Swift 1976).

Inhibition of MACh receptor binding was more potent in the cerebellum
compared to the cerebral cortex, across all species studied. The cerebellar
granule cells are more sensitive to Hg exposure relative to other neurons.
Mechanistic studies demonstrate this sensitivity may be due to MeHg's direct
interaction with M3 receptors causing phopholipase C-mediated rises in
intracellular Ca?* and subsequent cell death (Limke et al. 2004). As a result, loss
of granule neurons from the cerebellum may be dependent upon interactions
between Hg and the components of the cholinergic signalling pathway.

The ranking of species sensitivities to Hg-mediated mACh receptor
inhibition were remarkably parallel across both brain regions and types of Hg
examined. There may be different mechanistic factors involved across the
species since complete inhibition of mACh receptor binding by Hg was not
achieved in some tissue samples, especially in the human cerebellum, and this
requires further investigation. The in vitro data from mink and river otter are of

concern since the concentrations of Hg we tested fall within a range of Hg that
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are commonly found in the brains of wild mink and river otters (upwards of 4.8
Hg/g Hg, w.w.; (Basu et al. 2005). Therefore, naturally occurring levels of Hg may
be causing significant effects on neurochemical pathways in fish-eating wildlife
and monitoring the health of fish-eating wildlife represents a novel strategy to
warn against potential risks associated with fish consumption in human

populations that inhabit mutual ecosystems.

All the inhibitory data (i.e. IC50 and Ki values) in the current study were
within one order of magnitude of each other across the species tested. This is
not surprising given that Hg intoxication causes structural damage to specific
anatomical regions of the brain and that neurobehavioural outcomes are highly
conserved across different mammals. Neurobehavioural deficits commonly
observed in afflicted human populations (e.g. ataxia, impaired gait, tremors) have
also been observed in rodents and wild mammals (Nagashima 1997). Such a
high degree of conservation in Hg's toxicological effects supports the
extrapolation of rodent neurotoxicological data to both humans and wildlife in risk
assessment. This approach is valid at the level of whole animal (i.e.
neurobehavioural tests) and cell (i.e. disruption of cholinergic signalling
pathways).

In summary, we demonstrate that Hg can inhibit the binding of ligands to
the mACh receptor in a range of mammalian species. Such comparative studies
on inter-species differences are required to gain a better understanding on the
significance and relevance of neurochemical biomarkers in human and ecological
health assessments.
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Table 3.1: Receptor binding characteristics for [°H]-QNB binding to mACh
receptors in the cerebral cortex and cerebellum of various mammails.

mACh receptor Bpax mACh receptor K4
(fmol/mg) (nM)

Cerebral Cortex Cerebellum Cerebral Cortex Cerebellum

Mouse 2317.8(122.2*  504.4 (69.6) 0.24 (0.02) 0.08 (0.06)’
Rat 1142.7 (41.1)>  168.0 (10.6)>  0.17 (0.01)'*3 0.10 (0.02)°
Human 1460.9 (160.9)°  185.0 (14.4Y*  0.23 (0.02)!? 0.09 (0.02)°
Mink  801.8 (44.0)° 112.8 (31.0)* 0.14 (0.02)** 0.13 (0.05)°
Otter 876.1 (140.9)%¢  157.7 (35.7)" 0.10 (0.01)** 0.10 (0.02y°

Values represent mean (+ SEM).

Superscript letters/numbers represent

significant differences in MACh receptor Bnax or Kq in a specific brain region
among the mammalian species tested.
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Table 3.2: IC50 data for [°H]-QNB binding to mACh receptors in the cerebral
cortex and cerebellum of various mammals.

Cerebral Cortex - Cerebellum
HgCl, MeHg HgCl, MeHg
Mouse 4.44 (0.26)°  5.87 (0.50)°  3.15(0.64)*  4.48 (0.56)°
Rat 1.67 (0.08)>? 3.32(0.23)%Y 1.70(0.21)>* 1.97 (0.12)
Human 8.13 (1.04* 17.90 (1.92)" 9.05(0.51)"  13.00 (3.36)°
Mink 2.87(0.12)° 5.45(031)° 2.64(0.26)  3.53(0.17)°
Otter 1.41(021)% 2.58(0.36) 1.16(0.15°  1.59(0.12)%

Values represent mean (x SEM). Superscript letters/numbers represent
significant differences in IC50 among mammalian species in a specific brain
region following exposure to HgCl, or MeHg (uM).
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Table 3.3: Inhibition constant (Ki) data for [PH]-QNB binding to mACh receptors in
the cerebral cortex and cerebellum of various mammals.

Cerebral Cortex Cerebellum
HgCl, MeHg HgCl, MeHg
Mouse 2.41(0.14)° 3.18 (0.27)* 1.54(0.32)"  2.01(0.31)*’
Rat 0.78 (0.05)% 1.54(0.12) 0.82(0.074)!  0.98 (0.10)"®
Human 423 (0.52)* 9.41(1.10* 3.94(0.57)*  5.79(1.66)°
Mink 1.63 (0.14)° 3.10(0.29)* 1.24(0.15)' 1.65(0.13)"*°
Otter 0.69 (0.10)%  127(0.17Y  0.52(0.06))  0.75(0.11)

Values represent mean (x SEM). Superscript letters/numbers represent
significant differences in Ki among mammalian species in a specific brain region
following exposure to HgCl, or MeHg (UM).
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Figure 3.1: Saturation analys’is of [°H]-QNB binding to isolated membranes
preparations from the A) cerebral cortex, and B) cerebellum of mammalian
species. All data points represent mean (+ SEM) specific binding from 5-6

samples.
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preparations isolated from the cerebral cortex in mammalian species. Values are
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represent mean (x SEM) specific binding from 5-6 samples.
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represent mean (x SEM) specific binding from 5-6 samples.
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Connecting Paragraph

Chapter 3 examined the effects of Hg compounds on muscarinic
acetylcholine receptor in several different animal species. This next chapter
examines the effects of MeHg exposure on another potential biochemical marker
of CNS function, monoamine oxidase (MAO). The developing brain is particularly
sensitive to the neurotoxic effects of MeHg. MAO regulates neurotransmitter
concentrations and has been shown to play an important role in early brain
development. Therefore, the effects of low-level prenatal MeHg exposure on
MAOQO activity in various brain regions of rat offspring were evaluated. mACh
receptor binding was also assessed in the offspring brain, however, no

significance was observed and therefore this data is included as Appendix A.
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4.1 Abstract

Monoamine oxidase (MAO; EC 1.4.3.4) regulates biogenic amines in the
brain and is involved in brain development. The purpose of this study was to
determine the effects of low-level gestational exposure to methylmercury (MeHg)
on MAO activity in rats. Embryos (gestation day 13.5) were removed from
pregnant Sprague-Dawley rats and cultured for 12 h in media containing 0, 100
or 750 pg/L of MeHg. MAO activity in whole embryos cultured in 750 pg/L of
MeHg was reduced by 15% (p=0.005) when compared to controls. To determine
the effects of low-level gestational MeHg exposure on offspring MAO, female rats
were treated by gavage with saline or MeHg at dose levels of 0.5 or 1.0 mg
MeHg/kg body weight/d for four weeks prior to mating and throughout pregnancy.
MAO activity was measured in the cerebral cortex, striatum, hippocampus,
cerebellum and brain-stem of female and male offspring (postnatal day 41).
Female offspring MAO activity was significantly reduced in both exposure groups
when compared to controls, with specific effects observed in the brain-stem of the
high dose group. No significant differences in MAO activity were observed in
male offspring brain. In conclusion, this data demonstrated that a low gestational
exposure to MeHg reduced MAO activity in the developing embryo and in adult
female rat offspring. Changes in MAO activities may serve as an indicator for
neurotoxicity following developmental exposure to MeHg and should be further
investigated.

4.2 Introduction

Mercury (Hg) is a neurotoxic persistent pollutant that is widespread in the
environment. The dietary intake of the organic form of Hg, methylmercury
(MeHg), in contaminated fish and aquatic mammals is the main route of human
exposure (ATSDR 1999). High dose accidental poisonings in Minamata, Japan
and Iraq indicated that the developing brain is particularly sensitive to the
neurotoxic effects of MeHg (Bakir et al. 1973; Harada 1995). Infants exposed to
high concentrations of MeHg during gestation, had symptoms similar to

congenital cerebral palsy and brain pathology showed severely damaged
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neurons throughout the cortex (Takeuchi and Eto 1999). More recently,
epidemiological studies from fish-eating communities suggest that subtle
variations in child motor and cognitive behaviour were related to low-level
prenatal MeHg exposure (Grandjean et al. 1997). However, in order to fully
evaluate the health risks and impacts of low-level MeHg exposure, it is useful to
understand potential mechanisms of toxicity (Castoldi et al. 2003). While the
neurotoxic targets and mechanisms of high dose exposure have been well
established in animal models (ATSDR 1999), there has been a need to develop
specific and functional methodologies to identify possible subtle neurotoxic
effects of low-level gestational exposure to MeHg.

Monoamine neurotransmitters, including serotonin, dopamine, and
noradrenaline, are involved in neurofunctional behaviours such as fight-or-flight
response, emotion, motor activity, learning and memory (Whitaker-Azmitia et al.
1994; Yeomans and Frankland 1995; Koch 1999; Holschneider et al. 2001; Dare
et al. 2003; Brown and Silva 2004). Disruptions of these neuronal signalling
pathways have been proposed as a mechanism for MeHg neurotoxicity in
prenatal and adult rodent models (Lindstrom et al. 1991; Lakshmana et al. 1993;
Faro et al. 2003). Administration of Hg compounds increase concentrations of
noradrenalin and serotonin in various regions of the brain (Lindstrom et al. 1991;
Lakshmana et al. 1993), and also increase striatal dopamine release (Faro et al.
1997). Brain monoamine neurotransmitters are metabolized and degraded by a
flavin-enzyme, monoamine oxidase (EC 1.4.3.4, MAO) located in the outer
mitochondrial membrane of astrocytes and neuronal cells (Shih 2004). Two
isoenzymes have been identified, MAO-A and MAO-B, which differ in the
specificities for inhibitors, substrates and expression in tissue (Shih 2004).
Pharmacological and genetic studies have shown that MAO is important for
serotonergic neuronal development and neurobehaviour (Whitaker-Azmitia et al.
1994; Cases et al. 1996). Initial structure/function studies by Gomes et al (Gomes
et al. 1976) suggested that mercuric compounds interact with functionally critical
cysteine residues in MAO, resulting in non-competitive inhibition and permanent
damage to the enzyme. In a more recent study, repeated exposure to MeHg
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resulted in MAO activity reduction in various brain regions of adult Sprague
Dawley rats (Chakrabarti et al. 1998). This literature suggests that MAO may be
a useful neurochemical marker for the effects of MeHg on the monoaminergic
nervous system.

The objectives of this study were to 1) evaluate effects of MeHg on MAO
in rat embryos cultured in vitro, and 2) evaluate effects of low-level prenatal
MeHg exposure on MAO in brain regions of adult male and female rat offspring.

4.3 Methods
4.3.1 Animals

The protocol was approved in advance by the Institutional Animal Care
and Use Committee (IACUC), and the care and use of animals was conducted in
accordance with guidelines of the USA National Research Council and the
Canadian Council on Animal Care. Adult Sprague-Dawley rats (Charles River
Canada, Canada), approximately 6.5 weeks of age, were acclimated for one
week prior to study. All animals were maintained at constant temperature (21°C),
50% humidity, photoperiod of 12-h light/dark and had ad libitum access to a
commercial available diet (PMI Rodent Chow, 5002) and water.

4.3.2 Embryo Culture

Adult female rats were placed in a cage for mating with adult male rats
overnight. Embryos were obtained from pregnant rats and cultured based on a
previously described method (Blair et al. 1996) with modifications. Briefly,
embryonic gestational day (GD) 0 was assumed to be the mid-point of the dark-
cycle during which copulation occurred (12:00 midnight) as confirmed by the
presence of sperm in the vaginal smear. On GD 13.5, female rats were
euthanized by CO, asphyxiation. The uterus was immediately excised and
harvested into a Petri dish containing sterile Hanks' balanced salt solution
(HBSS). The uterus was cut along the antimesometrial edge and each conceptus
was explanted. The remnants of the decidua, trophoblast and Reichart's

70



membrane were removed from the yolk sac. Embryos were extruded into the
medium, still attached to the opened yolk sac and placenta through the vitelline
and umbilical vessels. Two embryos were transferred to each culture bottles
containing 10 mL of 15% rat serum (heat-inactivated), and 85% Dulbecco’s
Modified Eagle’s Medium with either 0, 100 or 750 ug/L of methyl mercury
chloride (Alfa Aesar, U.S.A.). Bottles were gassed with 95% O, and 5% CO, for
2 min, incubated at 37°C, rotated at 20 cycles/min, and regassed at a 6 hours
gassing interval. Following 12 hours incubation, embryos were transferred into
cryo-vials, and stored at -80°C until biochemical analysis.

4.3.3 MeHg In Vivo Dosing Experiment

Fifteen female rats were randomly assigned to control, low dose (0.5 mg of
MeHg/kg body weight/day), or high dose (1.0 mg of MeHg/kg body weight/day)
groups. Methylmercury chloride was dissolved using a sonicator in nitrogen
purged deionized water to achieve a final dose volume of 5 ml/kg body weight.
Control animals received nitrogen purged water alone. The females were dosed
orally by gavage each day for 28 days, and were then placed for mating with
untreated adult males (same strain and source) until confirmation of mating. The
presence of sperm in the vaginal smears indicated copulation (first day of
pregnancy). The females were treated with either MeHg or saline until delivery of
the offspring (approximately 20 days following successful mating). Dams were
observed daily and the food consumption and body weights were measured
weekly. After birth the general condition of the offspring were evaluated and
body weights were recorded periodically. Each litter was culled to give a total of
4 males and 4 females. When necessary, the selected pups were identified by
injection of India ink into their paws four days after birth. The offspring were
weaned on postnatal day (PND) 21.

The maternal rats were euthanized approximately 21 days after weaning
and the offspring were euthanized on PND 41. The method of euthanasia was
carbon dioxide asphyxiation followed by exsanguinations from the abdominal

aorta. The brain regions (cortex, striatum, cerebellum, brain-stem and
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hippocampus) were immediately dissected on ice (Chakrabarti et al, 1998), from
one female and one male offspring from each exposure group. The whole brain
was also removed for mercury measurement from one male and one female
offspring from each exposure group. Tissue was frozen at -80°C until MAO or
total mercury analysis was performed.

4.3.4 MAO Analysis

Whole embryos were sonicated in 1mL of NaK buffer (60 mM NaH,POQO,, 5
mM KCI, 120 mM NaCl, pH 7.4) for 30 sec. MAO activity in homogenates was
measured based on a microplate method described by Zhou et al (Zhou and
Panchuk-Voloshina 1997) and modified by Stamler et al (Stamler et al. 2005).
Embryo samples (50 ug of protein) were diluted with NaK buffer and added to a
96-well plate. Reaction was initiated with the addition of reaction buffer (100 uM
Amplex Red, 2 U/mL horseradish peroxidase, and 4 mM tyramine).
Fluorescence was measured every 5 min between 30-90 min at 540/590 nm
(excitation/emission) using a fluorometric plate reader (Wallac Victor 2, Perkin
Elmer, Boston, MA) at 23°C. The concentration of resorufin was determined from
a standard curve (0.5-5.0 uM resorufin), and specific activities of samples were
expressed as pmol of resorufin per min per mg of protein. NaK buffer was used

as a sample blank and 2.5 uM H,0, was used as a positive control.

MAOQO activity was measured in the five brain regions as previously
described by Krajl (Krajl 1965) with modifications described by Chakrabarti et al
(Chakrabarti et al. 1998). Briefly, samples were homogenized in 10 volumes of 50
mM phosphate buffer (pH 7.8) and mixed thoroughly in the presence of 2% Triton
X-100 (v/v). The homogenate was added to 2.5 mL of phosphate buffer and 0.3
mL of 0.9% NaCl solution and pre-incubated for 10 min at 37°C. A single
concentration of kynauramine dihydrobromide (22 uM) was added to the reaction
mixture and incubated for 30 min at 37°C. The reaction was stopped by the
addition of 0.2 mL of 5 M perchloric acid followed by centrifugation at 1500 x g for
10 min. An aliquot of the supernatant was diluted with 1 M NaOH solution and

the fluorescence of the product, 4-hydroxylquinoline, was measured with a RF-
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551 Shimadzu spectrofluorometric detector (excitation/emission; 318/380nm).
The concentration of product was determined from a standard curve of 4-
hydroxyquinoline and expressed as nmol product formed per 30 min per mg of
protein.

4.3.5 Hg Analysis

Concentrations of total mercury in the kidney, liver and whole brain of the
offspring were measured as described by Neugebauer ef al (Neugebauer et al.
2000). Approximately 1.5 g of tissue was digested for 16 h in concentrated nitric
acid and then heated for 5 h at 105°C. Digests were cooled and diluted with
distilled water to give a 12% (v/v) nitric acid solution. Mercury concentrations
were measured using a Z-8200 Polarized Zeeman cold vapour Atomic Absorption
Spectrophotometer (Hitachi, Tokyo Japan). Certified reference material (DORM-
2; dog fish muscle, National Research Council, Ottawa, ON) was analyzed for
each batch of sample for quality control. Detection limit was 7.0 ng mercury/g of
tissue. Samples with Hg below the limit of detection were assigned of a value that
was half of the detection limit (3.5 ng/g).

4.4 Statistics

Analyses were performed using SAS software (SAS Institute, 2002) and
data was considered significant when p-value was less than or equal to 0.05.
Means values and standard error of each dose group were calculated for
numerical data. Only one female and one male offspring were taken as a
representative of the litter to avoid over-inflation of statistical power (Holson and
Pearce 1992). The effects of MeHg dose on offspring body weight, offspring food
intake and MAO activity in embryos cultured in vitro were analyzed using an
analysis of variance (ANOVA) and multiple comparisons were performed using
the Tukey post-hoc test. Analysis of offspring MAO in different dose-groups and
brain-regions were based on a two-way ANOVA and multiple comparisons were

performed using the Tukey post-hoc test.
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4.5 Results
4.5.1 Embryo Culture

MAO activity in whole embryos (Figure 4.1) was altered following
incubation with MeHg (F(2, 35) = 7.43; p=0.002). Embryos cultured in the
presence of 750 ug/L of MeHg exhibited significantly reduced MAO activity (15%)
when compared to control embryos (p=0.005).

4.5.2 In Vivo Experiment

No significant differences were observed in maternal body weight gained
and food consumed during the pre-mating, gestation, lactation and post-lactation
period in the exposure and the control groups. All offspring survived following
birth. A significant effect of MeHg on total body weight gain was observed in male
offspring (F(2,19) = 5.05, p=0.017) as those in the high dose group gained less
weight when compared to controls (Table 4.1). MeHg exposure did not affect
weight gain in female offspring.

4.5.3 MAO Activity

Brain MAO activity in female offspring was affected by MeHg dose group
(F(2,74) = 8.20; p < 0.001) but not by brain region (F(4,74) = 1.29; p = 0.282).
There was no statistical interaction between brain region and dose group (F(8,74)
= 0.72; p = 0.673). Brain MAO activity was significantly reduced in the offspring
of the high dose (p<0.001) and low dose group (p=0.044) when compared to the
controls. Analysis of enzyme activity in each brain region showed that MAO was
significantly decreased in the brain-stem of the high dose female offspring
(p=0.011) (Figure 4.2). MAO activity in male offspring was not affected by MeHg
dose group (F(4,74) = 1.97; p = 0.149) or by brain region (F(4,74) = 1.34; p =
0.266), although enzyme activity was lower in the striatum of the high dose male
offspring when compared to controls.
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4.5.4 Hg Analysis

Whole brain total Hg concentrations in female and male offspring at PND
41 were affected by the MeHg dose group (Table 4.2). There was a significant
difference in brain Hg concentrations among the male offspring; control < low
dose group < high dose groups. While, female offspring in the MeHg dosed
groups have elevated brain Hg compared to controls, there was no significant
difference between the low and high dose groups.

4.6 Discussion

This study is the first to demonstrate that MeHg can reduce MAO activity
in whole rat embryos cultured in vitro, as well as in female rat offspring brain
tissue exposed during gestation. These studies suggest that MAO may be a
marker of long-term monoaminergic nervous system damage as a result of low-
level prenatal MeHg exposure.

The choice of MeHg dose in the embryo culture model was based on
reported elevated concentrations in human cord blood in Nunavik, Quebec
(Muckle et al. 2001; Després et al. 2005) and Minamata, Japan (Dalgard et al.
1994). No effect on MAO activity was observed at a dose level of 100 pg/L,
which is higher than the average concentrations in the cord blood collected from
Faroe Island where neurological effects were reported (5). However, the lack of
sensitivity may be due to the fact that rats are more resistant to MeHg toxicity
(per kg/body weight) than humans (Rice 1996). Recently, a human study
conducted with fish consumers from Lac St-Pierre, (QC, Canada) showed that Hg
exposure (<20 pg/L blood-Hg) is related to reduced MAO activity in circulating
platelets (Stamler et al. 2004). Therefore, the decrease in MAO activities during
gestation may still be a significant factor for observed neurological symptoms in
human populations. It has been estimated that gestational exposure to mercury
during the poisoning in Minamata may have been as high as 750 ug/L umbilical
cord blood (Dalgard et al. 1994). We showed that this concentration reduced

MAO activity by 15% in whole rat embryos cultured for 12 hours. In humans, this
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concentration of cord blood-Hg resulted in severe neuronal damage and
behavioural abnormalities in the children, including hyperkinesis, abnormal
reflexes, and ataxia (Harada 1995).

Previous studies show that a repeated oral administration of MeHg (5.0
mg of MeHg/kg body weight/d for 7 consecutive days) inhibited MAO activity in
several brain regions immediately following administration of the final dose
(Chakrabarti et al. 1998). In the present study, female offspring had reduced
MAOQO activity in the brain, with specific effects being seen in the brainstem of the
high dose group. These effects were observed when Hg concentrations in whole
brains were below 60 ng/g. It is important to note that biochemical changes were
detected 6 weeks after the final dose of Hg, indicating the effects on MAO may
be long-term or permanent. Future studies are required to evaluate these
temporal changes in MAO activity following Hg exposure.

Structure and function evaluations of MAO have demonstrated that several
cysteine residues are required for proper enzymatic function (Hubalek et al.
2003). Mercuric compounds have a high affinity for thiol groups (Clarkson 1997)
and it is likely that Hg binds to cysteine residues, resulting in permanent disrupted
structure and decreased MAO function as suggested by Gomes et al (Gomes et
al. 1976). Previous in vitro studies using rat brain synaptosome preparations
reported that MeHg can inhibit MAO activity (Chakrabarti et al. 1998). While
MeHg exposure may alter MAO gene expression and protein levels, these in vitro
studies suggest that MeHg exposure directly inhibited enzymatic function.

The specific disruption of MAO function during development has been
associated with specific behavioural impairments in animal models (Whitaker-
Azmitia et al. 1994, Shih 2004). The administration of specific inhibitors for both
MAO-A and MAO-B (clorgyline and deprenyl, respectively) to pregnant rats
throughout gestation, resulted in a 50% inhibition of brain MAO, increased open-
field activity and deficits in learning and memory function in the offspring
(Whitaker-Azmitia et al. 1994). These biochemical and behavioural changes
were associated with a reduction in serotonergic neuron innervations in the

cortex (Whitaker-Azmitia et al. 1994). Behavioural and pathological evaluation of
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MAO deficient mice suggested an association with novelty seeking, increased
aggression and impaired cortical somatosensory neuron barrel formation (Cases
et al. 1996; Holschneider et al. 2001; Rebsam et al. 2002; Shih 2004). These
studies suggest that impairment of MAO activity during gestation may have
profound effects on brain development and on the monoaminergic system.

In conclusion, a low-level gestational exposure to MeHg inhibited MAO
function in female rat offspring and in embryos cultured in vitro. This study
suggests that MAO may serve as a biochemical marker of monoaminergic
nervous system dysfunction related to low-level MeHg exposure. Recent
developmental studies in embryos indicate that MAO may play an important role
in neuronal growth, migration and consequently offspring neurobehaviour
(Rebsam et al. 2002). Inhibited cortical MAO increases serotonin concentrations,
over-activates the serotonin receptor (5-HT1b), thereby inhibits thalamocortical
axon growth (Rebsam et al. 2002). Therefore, future mechanistic studies should
evaluate the interaction between MeHg exposure, MAO inhibition and impaired
neuronal development.
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Table 4.1: Effects of MeHg on overall body weight gain in offspring

MeHg Dose Group  Body Weight Gain

(# litters) (9)
Males
Control (5) 184.0+3.5
Low dose (5) 185+3.3
High dose (5) 170+ 4.4 *
Females
Control (5) 143.4+29
Low dose (5) -~ 146.0+2.6
High dose (5) 134.6 + 3.1

Mean £ SEM of the body weight gain of each litter (n) between PND 4 and 41.
* P < 0.05 (vs controls; Dunnet’s Test)



Table 4.2: Total mercury concentrations in rat offspring whole brain tissue.

MeHg Dose Group Male Females
(# litters) (ng/g) (ng/g)
Control (5) 53+1.8° 92+35°
Low (5) 202+1.6° 346+32°
High (5) 58.2+3.6° 455+£51°

Values represent the means + SEM. Means with different letters represent
significant differences within columns (p<0.05)
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Figure 4.1. Effects of MeHg exposure on MAO activity in whole rat embryos
cultured in vitro. Untreated embryos (GD 13.5) were cultured for 12h in the
presence of 0, 100 or 750 pg/L of MeHg. Each bar represents the mean MAO
activity £ SEM in whole rat embryos (n=12). *p<0.05 compared to control group.
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Figure 4.2: Effects of MeHg exposure on MAO activity in different brain regions of
male and female offspring (PND 41). Each bar represents the mean MAO
activity + SEM in male rats (n=5) and female rats (n=5) in the cerebral cortex
(CC), striatum (Str), hippocampus (Hip), brain-stem (BS), and the cerebellum
(Cer). *p<0.05 compared to control group.
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Connecting Paragraph

Chapter 5 is a natural progression of the previous three chapters. The
second chapter describes methodological considerations for the measurement of
the proposed biomarkers in a human population and suggests that blood tissue
can be adequately stored until laboratory analysis. The previous two chapters
evaluated the interaction of Hg compounds with two proposed biomarkers of
neurotoxicity, monoamine oxidase (MAO) and the muscarinic acetylcholine
(mACh) receptor. The mACh receptor, ChE and MAO can be measured in
accessible non-neuronal tissue and may reflect CNS dysfunction. The
associations between Hg exposure and these biomarkers have never been
examined in human populations. Therefore Chapter 4 brings these ideas
together to evaluate the association between MeHg exposure and peripheral
biochemical markers in a fish-eating community from Lac St-Pierre, Quebec.
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5.1 Abstract

Humans are exposed to methylmercury (MeHg) primarily through dietary
consumption of predatory fish and marine mammals. MeHg can damage the
nervous system by disrupting neurochemical parameters. Analogues of these
parameters, including monoamine oxidase (MAO), cholinesterase (ChE), and the
muscarinic acetylcholine (mACh) receptor, are measurable in non-neuronal
peripheral blood tissue and may reflect central nervous system function. The
objective of this study was to evaluate the association between these peripheral
biochemical markers and MeHg exposure in 130 fish-eating adults from Lac St-
Pierre, Quebec, Canada. Blood mercury (Hg) concentrations were used as a
marker of MeHg exposure and ranged from 0.2 to 17.0 yg/L. We observed no
relationship between blood-Hg and the mACh receptor on lymphocytes or ChE
activity in serum. However, a significant negative association (r=-0.193, p=0.029)
was observed between blood-Hg and MAO activity. Multiple linear regression
analysis demonstrated that blood-Hg (8 = -4.9, P = 0.007) and heavy smoking (8
= -85, P = 0.001) were associated with reduced platelet-MAO activity. In
addition, mean MAO activity in participants above the 75" percentile for blood-Hg
(3.4 ug/L) was significantly lower than mean value below the 25™ percentile (23.5
* 8.2 vs. 30.6 £ 14.0 nmol/min/20ug; P = 0.035). Our results suggest that MAO in
blood platelets may be a useful tool to assess biochemical effects of MeHg
exposure in human populations. These functional changes in platelet-MAO may
reflect enzymatic changes in neuronal tissue and should be further investigated

as a risk assessment strategy.

5.2 Introduction

Methylmercury (MeHg) is a widespread neurotoxic pollutant (ATSDR
1999). The dietary intake of contaminated fish and marine mammals are the
main route of exposure to MeHg in human populations (Van Oostdam et al.
1999). MeHg is absorbed efficiently by the gastrointestinal tract and is able to
cross the blood brain-barrier (NRC 2000). Once in the brain, mercury (Hg)
compounds can disrupt protein function by interacting with sulfhydryl residues,
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eventually leading to cellular death and neuronal loss (Castoldi et al. 2001).
Accidental poisoning episodes in Japan and Irag have shown that exposure to
high-levels of MeHg causes neurological abnormalities including ataxia,
paresthesia, tremors, and visual and auditory impairments (Bakir et al. 1973;
Harada 1995). Additionally, studies conducted in the Brazilian Amazon have
suggested an association between MeHg and diminished motor and visual
function at blood-Hg concentrations below 200ug/L. (Mergler 2002), a guideline
level associated with a low-risk of neurological damage (WHO 1990). There is
increasing interest to detect early signs of neurotoxicity at low-levels of MeHg
exposure (NRC 2000). The detection of MeHg related biochemical disruption has
been proposed as a strategy to better understand these potential neurotoxic risks
(Castoldi et al. 2001).

Biochemical changes in the nervous system generally occur prior to
permanent damage and therefore could be used to predict future neurotoxic
outcomes (Costa and Manzo 1995; Manzo et al. 1996). MeHg exposure disrupts
the function and transmission of the cholinergic (Hastings et al. 1975; Kobayashi
et al. 1980; Coccini et al. 2000) and monoaminergic nervous systems (Oudar et
al. 1989; Lindstrom et al. 1991; Faro et al. 1997). Key protein components of
these systems, including monoamine oxidase (MAO, EC 1.4.3.4) (Tsuzuki 1981;
Chakrabarti et al. 1998), muscarinic acetylcholine (mACh) receptor (Coccini et al.
2000; Basu et al. 2005), and cholinesterase (ChE, EC 3.1.1.7) (Hastings et al.
1975) are targeted by Hg compounds and may serve as biochemical markers of
neurotoxicity. Our laboratory has recently demonstrated the negative effects of
MeHg on mACh receptors in vitro (Basu et al. 2005) and in brain tissues of fish-
eating wildlife such as mink (Basu et al. 2005) and river-otter (Basu et al. 2005).
These neurochemical changes may reflect early stages of MeHg neurotoxicity.
However, due to the complexity and inaccessibility of nervous tissue, monitoring
these biochemical markers is not feasible in humans.

Blood platelets and lymphocytes are unique non-neuronal cells as they
utilize similar cellular machinery as monoaminergic and cholinergic neurons,
respectively (Manzo et al. 1996; Reed et al. 2000; Tayebati et al. 2002).
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Specifically MAO, ChE and mACh receptors are present in peripheral blood cells
(Costa et al. 1988; Chen et al. 1993) and are similarly targeted by neurotoxic
compounds (Costa et al. 1990; Chakrabarti et al. 1998; Coccini et al. 2000).
Chakrabarti et al reported that repeated oral exposure to MeHg in rats resulted in
a parallel reduction of MAO activity in cortex, striatum and platelet (Chakrabarti et
al. 1998). In a similarly designed study, MeHg exposure resulted in an immediate
increase in lymphocyte mACh receptor density, which was followed by a similar
increase of MACh receptor density in the cerebellum and hippocampus (Coccini
et al. 2000). These animal studies suggest that monitoring peripheral biomarkers
in non-neuronal tissue may offer a method to screen for relevant neurochemical
perturbation following MeHg exposure. Additionally, human studies have
demonstrated that platelet-MAO is reduced by heavy tobacco smoking (Whitfield
et al. 2000) and by industrial exposure to styrene and manganese (Manzo et al.
1996). PET (positron emission tomography) imaging studies have confirmed that
MAO activity is also reduced in brain tissue of heavy smokers (Fowler et al.
1996), suggesting that platelet-MAO may serve as a surrogate marker for other
inaccessible tissue. Relationships between these potential peripheral biomarkers
and MeHg exposure have not been reported in human populations. The
identification of biochemical markers that méy indicate the effects of MeHg

exposure may serve as a strategy to evaluate health risks in human populations.

Lac St-Pierre is a widening of the St-Lawrence River system located
between Montreal and Quebec City (Quebec, Canada), where residents are
involved in commercial and sport fishing during the summer and winter seasons.
Reports of MeHg concentrations in fish from the St-Lawrence River suggest that
several species are above recommended guideline levels (Chan et al. 2000), and
consumption of these fish may result in neurobehavioural toxicity (Mergler et al.
1998). Therefore, the objective of this study was to investigate the association
between MeHg exposure and potential peripheral biomarkers (i.e. platelet-MAQO,
lymphocyte mACh receptor and serum ChE) in fish-eating adults living along the
St-Lawrence River.
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5.3 Materials and methods
5.3.1 Population and Sampling

The study population habited the Lac St-Pierre region in the municipality of
Sorel — Tracy (Quebec, Canada). A research agreement was drafted and signed
by community representatives and researchers. The participants were recruited
through the Lac St-Pierre Fisher's Association, radio stations and local
newspapers. This cross-sectional study was carried out from February to April
2003. Participants were excluded if they did not report eating fish from Lac St-
Pierre. For this study, 130 participants, 18 years and older were selected.
Informed consent was obtained by the participants and coded questionnaires
were completed to determine socio-demographic and lifestyle information. For
the purpose of this study, information regarding age, gender, alcohol intake,
smoking habits, garden pesticide use (y/n), body mass index (kg/m?), medical
and recreational drug use, industrial exposure to chemicals (y/n) and neurological
diseases were collected as potential confounding variables. Ethical approval to
conduct this study was granted by the McGill University and the University of
Quebec at Montreal ethical review committee.

Blood samples (30 ml) were drawn into vacutainer tubes by a registered
nurse. Peripheral lymphocytes were isolated from whole blood by density
gradient centrifugation using Ficoll-Paque Plus reagent (Amersham Biosciences,
Brown Deer, WI, USA) (Boyum 1968). Isolated lymphocytes were washed twice,
and suspended in phosphate buffer (50 mM, pH 7.4). Platelet-rich-plasma was
centrifuged at 3000 g for 25 min at 4°C, to pellet platelets. Platelets were washed
twice and suspended in phosphate buffer. Whole blood, collected in tubes without
anticoagulant, was centrifuged at 2000 g for 10 min to obtain serum. The
concentration of protein in lymphocytes and platelets preparations were
determined by the Bradford method (Bradford 1976) using bovine serum albumin
as the standard. Lymphocytes were counted with a hemacytometer. Platelets and
serum were stored at —80°C until biochemical assays were performed. The
storage condition and stability of the samples have been tested and optimized
(Stamler et al. 2005).
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5.3.2 Biomarker Analysis

MAO activity analysis was based on the method described by Krajl (Krajl
1965). Platelets (20 ug protein) were mixed in a Triton X-100 (0.5%) solution, and
then diluted in 3 ml of phosphate buffer saline (60 mM, pH 7.8). Reaction was
initiated by the addition of a concentration range of the MAO substrate,
kynauramine dihydrobromide (1.5 — 50 uM), followed by a 30 min incubation at
37°C. Following the incubation, the reaction was stopped by the addition of 5 M
perchloric acid, and centrifuged at 2000 x g for 10 min. The supernatant was
diluted with 1 M NaOH and the fluorescence was read at 318nm excitation and
380nm emission on a spectrofluorometer. Product concentration was calculated
based on the standard curve of 4-hydroxyquinoline (0 — 30 nM) and results were
expressed in nmol of product formed per min per 20 pg of platelet protein. Intra

assay variation was less than 5% and inter assay variation was less than 10%.

ChE activity in serum was measured based on the commercially available
kit developed by Molecular Probes Inc (Eugene, OR, USA) (Zhou et al. 1997;
Zhou et al. 2000). Human serum was diluted with phosphate buffer and added to
a 96-well plate. Reaction was initiated with the addition of reaction buffer (100
uM 10-acetyl-3, 7-dihydroxyphenoxazine (Amplex Red), 1 U/mL horseradish
peroxidase, 0.1 U/ml choline oxidase and 50 uM acetylcholine). Fluorescence
was measured every 5 min between 30-90 min at 540 excitation and 590
emission with a fluorometric plate reader (Wallac Victor 2, Perkin Elmer, Boston,
MA). All samples were measured in triplicate. The concentration of resorufin
was determined from a standard curve (0.5 - 5.0 uM), and specific activities of
samples were expressed as nmol of product per min per mL of serum.

The mACh receptor-binding assay (Costa et al. 1988) was performed on
freshly isolated human lymphocytes in duplicate. Approximately 20 ug of cell
protein was pre-incubated in 3m! of phosphate buffer (+/- 100 uM atropine) for 30

min at 25°C. Samples were incubated with 10nM [*H]-quinuclidinyl benzilate
(*H]-QNB; NEN/Perkin Elmer, Boston, MA, USA), a mACh receptor specific
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radio-ligand, for 60 min at 25°C. The incubation was terminated by filtration
through 0.22 pM GF/C glass filters (Millipore Inc., Boston, MA, USA) and washed
three times with cold phosphate buffer. Radioactivity retained by the filters was
quantified by a liquid scintillation counter (LKB Wallac 1209 Rackbeta). Specific
binding was defined as the difference in [°H]-QNB bound in the presence and
absence of atropine and expressed as fmol per number of cells.

Iron status was determined from serum ferritin levels, which were
measured in duplicate using the ACTIVE® Ferritin Enzyme-Linked
Immunosorbent Kit (Diagnostic Systems Laboratories, Inc. Webster, Texas,
USA). Ferritin concentration was expressed as ng per ml of serum. Iron

deficiency was defined as serum ferritin levels below 12 ng/mi.

5.3.3 Blood Metal Analysis

Whole blood samples (7 ml) were drawn into heparinized tubes and stored
at -20°C prior to analysis. Blood total-Hg concentrations were determined using
cold-vapour atomic-absorption spectrometry. The detection limits were 0.2ug/L
for blood Hg analysis. Certified reference material was analyzed for quality
control purposes. Selenium (Se), cadmium (Cd) manganese (Mn) and lead (Pb)
blood concentrations were determined using inductively coupled plasma-mass
spectrometry technique. All metal analyses were carried out at the Centre de
Toxicologie du Québec, Canada.

5.4 Statistical Analysis

Data from MAO saturation kinetics were curve fitted using GraphPad
Prism (Version 3.02, GraphPad Software Inc., San Diego, CA) to calculate
maximum velocity (Vmax) and the Michaelis-Menten constant (K.,). References to
MAQ activity refer to MAOymax. All other statistical analyses were conducted
using SPSS statistical software (SPSS Version 11.5.0, San Rafael, CA). A P-
value less than or equal to 0.05 was considered statistically significant and all
values were reported as means * standard deviation unless otherwise noted.
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Data was analyzed for normality using the Kolmogorov-Smirnov test.
Serum ferritin, and blood total Hg, Cd, Mn, and Pb data were log-transformed for
statistical analysis. MAOkm was not normally distributed. The relationship
between biomarkers (MAO, mACh receptor, and ChE) and independent variables
were evaluated using an independent Student's T-test, one-way ANOVA for
multiple comparisons or Pearson correlation. Spearman correlations, Mann-
Whitney-U Tests or ANOVA performed on ranks, were used to evaluate the
relationship between MAOkn, and independent variables. A forward step-wise
multiple-linear regression analysis was performed to determine the predictors of
biomarker function in the population. Age, gender, heavy smoking (y/n), alcohol
intake, garden pesticide use (y/n), serum ferritin (ng/L), industrial exposure to
chemicals (y/n), recreational drug use (y/n), cardiac drug use (y/n) and blood

selenium and metal concentrations were considered as independent variables.

Additionally, the population was divided into quartile groups based on
blood-Hg levels, and mean MAO values were compared using a General Linear
Model Univariate procedure adjusting for heavy smokers followed by a Bonferroni
post-hoc analysis.

5.5 Results
5.5.1 Study Population Description and Exposure Measurements

The age of the participants ranged from 18-73 y with a mean of 49 + 13
and 52 (40%) were women. Twenty two percent described themselves as
current smokers, of which 20 individuals reported smoking more than 14
cigarettes per day (heavy smokers). Mean BMI (SD) in the population was
26.5(5.7). Thirty percent of the population abstained from the use of alcohol, and
12% consumed greater than 420 grams of ethanol/week (high alcohol
consumption). None of the participants reported having neurolbgical diseases
such as Parkinson's, Alzheimer's disease or Schizophrenia, and none were
taking MAO inhibiting drugs. Median (range) serum ferritin levels was 169.2 (7.4 -
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1000) ng/ml and iron deficiency was observed in 4 participants. Three individuals
reported working with agricultural pesticides, while 37 reported using garden style
pesticides. The mean, median and range of blood metal levels are summarized in
Table 6.1. Mean (SD) blood-Hg concentration was 2.4 + 2.9 ug/L and values
ranged from 0.2 to 17.0 ug/L.

5.5.2 Biomarkers in Study Population
Blood tissue MAO, mACh receptor and ChE levels in the study population

and in subjects grouped by gender, smoking habits, and alcohol consumption are
listed in Table 5.2. Relationships between continuous variables (age, BMI, ferritin
levels, alcohol, and cigarette intake) are listed in Table 5.3. One man out of the
total 130 participants was unable to donate blood for this study and two blood
samples had insufficient platelets for MAO analysis. Mean mACh receptor
binding on lymphocytes was greater in men when compared to women (P =
0.006). MAO was not significantly affected by smoking status (y/n); however
heavy smokers (215 cigarettes/d) displayed lower MAO activity than moderate
smokers (1-14 cigarettes/d) and non-smokers combined (P = 0.001). No
difference in MAO was observed between non-smokers and light-smokers (P >
0.05). There was a positive relationship between plasma ChE and both age (P =
0.019) and BMI (P = 0.001), as shown in Table 5.3. Of the drugs reported being
used by more than 5% of the study group, only cardiac medication (n = 17)
resulted in a significant increase in serum ChE (P = 0.016). There was no
observed interaction between alcohol intake (abstainers, drinkers, and heavy
drinkers (>420 g/week)) and the measured biomarkers. Serum ferritin levels were
positively correlated with mACh receptor binding (P = 0.022) and negatively
correlated (P < 0.01) with MAO activity. Blood-Cd levels were strongly correlated
with the number of cigarettes per day (Spearman, r = 0.724, P < 0.0001) and
heavy smokers had over four times greater mean blood-Cd concentrations when
compared to the remaining population (3.8 + 1.7 versus 0.9 + 1.0 yg/L, P <
0.001).
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5.5.3 Association Between Biomarkers and Contaminant Exposure Levels

Simple correlation analysis between blood metal concentrations and
biochemical markers indicated that MAO negatively correlated with blood total-Hg
(P =0.029), Cd (P = 0.008), and Se (P = 0.045) levels (Table 5.3). No significant
correlations were observed between the remaining biomarkers (mACh receptor,
ChE or MAOkm) and blood metal concentrations. To further investigate the
relationship between platelet-MAO and blood-Hg, a forward stepwise multi-
regression analysis that considered the previously mentioned independent
variables was performed. In the regression model (r2 = 0.12, P < 0.001), both
heavy smoking and blood-Hg explained 7.4 and 5.4% of the MAO variation in the
population, respectively (Table 5.4). To account for the potential effects of Fe
deficiency, removal of the 4 iron deficient individuals from the multiple regression
analysis did not change the model. Predictors of serum ChE and lymphocyte
mMACh receptors were also evaluated (Table 5.4). Gender, garden pesticide use
and blood Mn levels are predictors of lymphocyte mACh receptor binding levels
in this population, while gender, BMI and pesticide use were predictors of serum
ChE activity.

MAO activity values, adjusted for the effects of heavy smoking, were
stratified in blood-Hg quartile groups (Figure 5.1). Blood-Hg levels in the lowest
quartile group ranged from 0.2 — 0.5 ug/L while those in the highest group ranged
from 3.4 — 17 pyg/L. Mean MAO from participants in the upper Hg quartile group
was significantly (P = 0.035) less than the mean values from the lowest quartile
group. Further analysis showed that participants with blood-Hg concentrations
above 3.4 ug/L exhibited lower mean MAO activity when compared to the
remaining population (23.6 £ 7.5, n=29 versus 29.1 £ 10.9 nmol/min/20ug, n=98,
P=0.012).

5.6 Discussion

This study explores the association between MeHg exposure and
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peripheral biochemical markers in a fish-eating community. The key finding in this
study is that blood-Hg was significantly associated with reduced platelet-MAO
activity, but not with serum ChE activity or lymphocyte mACh receptor binding. A

19 - 24% reduction in platelet-MAO activity was associated with blood-Hg
| concentrations above 3.4ug/L. It has been proposed that platelet-MAO may
reflect nervous system function (Costa and Manzo 1995; Manzo et al. 2001), and
therefore these variations in biomarker activity may indicate early signs of MeHg
related neurotoxicity.

Platelets are secretory cells that play an important role in hemostasis,
thrombosis, vascular remodeling and repair (Reed et al. 2000). These cells are
considered to be a peripheral model of serotonergic nerve endings, as they utilize
similar transmitters, enzymes, receptors and transporters for cellular
communication (Reed et al. 2000; Polgar et al. 2002). MAO exists as two
isoenzymes, MAO-A and MAO-B (Shih 2004), however platelets only exhibit
MAOQO-B activity (Chen et al. 1993). MAO is involved in the oxidative deamination
of amine neurotransmitters, including serotonin, dopamine and noradrenaline
(Shih 2004). Reduction of this enzyme can lead to rapid changes in
neurotransmitters concentrations and other cellular functions which can result in
behavioural effects (Murphy and Kalin 1980). The reduction of brain MAO activity
following MeHg exposure has been previously observed in animals (Tsuzuki
1981; Chakrabarti et al. 1998). Similar to these animal experiments, this study
only assessed MAO activity and therefore it is difficult to conclude if the observed
relationship with Hg is a result of reduced MAO protein or a reduction in specific
activity. In vitro studies using rat brain synaptosomes and isolated platelets show
that MAO is dose dependently inhibited through incubation with MeHg
(Chakrabarti et al. 1998). Additionally, early studies examining the structure of
MAOQO, proposed that mercuric compounds bind to essential cysteine residues
(Wu et al. 1993), reducing activity and permanently damaging enzyme function
(Gomes et al. 1969; Gomes et al. 1976). While secondary effects of Hg exposure
on MAO can't be ruled out, these in vitro studies provide a mechanistic
explanation of reduced MAO function. Given evidence that platelet-MAO may act
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as a surrogate marker for brain MAO activity (Fowler et al. 1996; Chakrabarti et
al. 1998; Whitfield et al. 2000), it is possible to suggest that Hg related effects on
platelet-MAO would also be observed in brain tissue of the Lac St-Pierre cohort.

Platelet-MAO activity is influenced by a range of environmental and
genetic factors. While genetic analysis was not evaluated in this study, several
polymorphisms have been shown to influence MAO activity in humans (Damberg
et al. 2001). Environmental factors, including tobacco smoking (Whitfield et al.
2000; Berlin and Anthenelli 2001), gender (Whitfield et al. 2000), iron deficiency
(Youdim et al. 1975) and alcohol intake (Rommelspacher et al. 1994) have also
been shown to affect platelet-MAO activity. Of these variables examined in the
present study, only heavy smoking significantly contributed to reduced platelet-
MAO. Whitfield et al has shown that moderate and heavy smokers (>10
cigarettes per day) have a reduction in platelet-MAO when compared to non
smokers, former smokers, and light smokers (i.e. <10 cigarettes per day)
(Whitfield et al. 2000). Cigarettes are the major contributor to Cd levels in the
blood (dell'Omo et al. 1999), and therefore MAO was also negatively associated
with blood-Cd. Cd levels were strongly related to the reported number of
cigarettes smoked per day, and were approximately 4-fold higher in heavy
smokers compared to moderate and non-smokers. While it has been shown that
various constituents of tobacco smoke inhibit MAO activity in vitro (Castagnoli et
al. 2002), the direct inhibition of MAO by Cd cannot be ruled out (Leung et al.
1992). Because, tobacco is a strong modulator of MAO activity, it is important to
control for the effects of smoking when measuring platelet-MAO activity in
population studies.

Neither of the non-neuronal cholinergic markers was associated with
blood-Hg concentrations. ChE activity was positively correlated with BMI, which
has previously been observed in several other studies (Kutty and Payne, 1994,
Lawrence and Melnick, 1961). ChE is synthesized by the liver and secreted
bound to lipoproteins (Kutty and Payne, 1994). This relationship may be
explained by the fact that participants with higher BMI may have increased Very-
low-density-lipoprotein secretion as a result of hyperlidemia (Cucuianu et al,,
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1996). Additionally, after correcting for confounding factors, the use of pesticides
(i.e. insecticides, fungicides, and herbicides) was positively associated with an
increase in both cholinergic markers. The specific types of pesticides were not
recorded, however only anti-cholinergic pesticides would be anticipated to alter
cholinergic function (Wilson et al., 1997). It is important to note that while acute
exposure to anti-cholinergic pesticides are known to decrease ChE activity in
blood, chronic exposure has been shown to increase enzymatic activity. Overall,
the understanding of variables that predict variations in mACh receptor binding
and ChE activity in a population will assist in the development and planning of
future investigations with these biomarkers in humans.

Certain species of fish from the St. Lawrence River system have been
shown to have levels of MeHg above recommended guidelines (i.e. Walleye,
Lake Trout), and that consumption of these fish are the major determinant of
human MeHg-exposure in this area (Mahaffey and Mergler 1998; Chan et al.
2000). Although blood concentrations of Hg were relatively low in this study
group, associated biochemical variations in platelet-MAO can be observed at
doses that are below the lowest observable effect levels reported in the literature
(ATSDR 1999). The physiological and clinical consequences of reduced MAO
activity are not clear, and must be further evaluated. These results suggest that
MAO in blood platelets may be a useful tool to detect early effects of MeHg
exposure in human populations.
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Table 5.1: Blood metal concentrations (ug/L) in the Lac St-Pierre study group

Blood
Mean * SD Median Range
Metal
Hg 24+29 1.25 0.2-17
Cd 1.4 +£1.53 0.80 01-75
Se 210+ 30.3 209 127 — 296
Mn 8.8+27 8.4 3.5-20
Pb 31.3+£19.7 27.0 8.9-135
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Table 5.2: The distribution among various independent variables of mean blood
MAO, MAOkm, ChE and mACh receptor levels (+ SD) in the study population

MAO MAOxm ChE mACh receptor

(nmol/min/20ug) (M) (nmol/min/ml)  (fmol/cell x 10°%)
Total 129 27.8(10.6) ¥ 19.5 (7.5)* 340 (80) 77.4 (32.1)
Gender
Women 52 29.9 (9.8)°*% 19.1 (8.2) 2% 324 (80)® 67.9 (35.5)%
Men 77 26.4 (10.9)° 19.7 (7.0)® 348 (80)* 83.7 (28.0)°
Smoking
Status
Non smokers 100 28.7 (10.4)* 19.5 (7.8) %% 340 (80)* 77.5(33.2)°
1-14 cig./d 9 32.1 (12.62:" 19.4 (6.4)2 306 (94)° 84.5 (26.9)2
=15 cig./d 20 21.3(7.8) 19.1 (6.3) 2 354 (72)° 72.9(29.6)2
Heavy
Smokers
<15 cig./d 109  29.0(10.6)2*% 19.5(7.7)*% 336 (82)* 78.2 (32.6)2
215 cig./d 20 21.3(7.8)° 19.1 (6.3) 2 354 (72)2 72.9 (29.6)®
Alcohol
Consumption
Abstainers 29 27.8 (7.5)2 18.5(6.1)° 352 (82) 2 81.9(32.7)2
1420 g/lweek 85  28.0(11.8)27 19.6 (7.8) 27 334 (80) 2 76.1 (33.0)2
> 420 g/week 10 27.2(9.7)31 21.8(9.3)°1 352 (78)2 71.4 (21.3)°
Pesticide Use
No 92 27.8 (11.0)8 19.9 (8.8) 2 332 (76)° 74.9 (28.3)°
Yes 37 27.8(9.4)° 18.2 (6.3) 2 361 (89)2 84.8 (41.1)°
Cardiac Drugs
No 112 28.2 (10.2)2 19.8 (7.8)° 322 (78)° 77.0(32.0)°
Yes 17 25.2 (13.4)° 17.8 (3.8) 2 382 (86)° 80.0 (30.0)°®

Letters represent (P < 0.05) significant differences

*Two samples were not included due to insufficient protein
T One sample was not included due to insufficient protein
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Table 5.3: Correlation analysis among biomarkers of neurotoxicity and blood
metal concentrations and other parameters

Peripheral Biomarkers

Variables MAO MAOkm" mAChR ChE
Age (y) -0.008 -0.002 0.147 0.208*
BMI (kg/m?) -0.036 -0.067 0.068 0.291**
Cigarettes (no./d)° -0.199* 0.012 0.024 0.002
Alcohol(g/week)b -0.050 0.080 -0.011 -0.022
Ferritin (ng/L) ® -0.177* 0.003 0.198* 0.209*
Blood Metals

Hg (ug/L)® -0.193* -0.035 0.004 0.029
Cd (pg/L)? -0.235** -0.032 -0.008 0.052
Se (ug/L) -0.179* 0.057 -0.073 0.093
Mn (ug/L) 2 0.048 0.009 0.157 0.064
Pb (ug/L)?® -0.132 0.141 -0.132 0.151

2 Log transformed data
b Spearman Correlations
*P <0.05, ** P<0.001

98



Table 5.4: Predictors of peripheral biochemical markers from mulitiple linear
regression analysis®.

Predictors B-Coefficient P-Value
(xSE)
Platelet-MAO activity (nmol/min/20ug)
Heavy Smoker -8.31+£2.46 0.001
Blood-Hg? -4.52 +1.74 0.011

Total Model: Adjusted R?= 0.105, P < 0.001

Lymphocyte mACh receptor (fmol/cell x 10°)

Blood-Mn? 48.9+215 0.024
Gender (9=1,3=0) 18255 0.001
Pesticide (n=0, y=1) 12.6 6.3 0.048

Total Model: Adjusted R?=0.105, P = 0.001

Serum ChE activity (nmol/min/ml)

BMI (kg/m?) 4.45+1.26 0.0001
Gender (2=1,3=0) -30.0 +13.6 0.029
Pesticide (n=0, y=1) 33.6+15.5 0.032

Total Model: Adjusted R? = 0.125, P < 0.001

Values were log transformed

b B-Coefficient were determined by stepwise multiple linear regression. Inclusion
criteria: P < 0.05.
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Figure 5.1: Mean (x SE) platelet-MAO for subjects in blood-Hg quartile groups
(Qs). MAO was adjusted for the effects of heavy smoking. There were 30-32
subjects per quartile. Bars with different letters are significantly different, P <
0.05.
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SUMMARY AND CONCLUSION

Humans are exposed to MeHg through dietary consumption of predatory
fish and aquatic mammals (ATSDR 1999). While the symptoms associated with
high dose Hg poisoning can be clinically observed (Bakir et al. 1973; Harada
1995), neurotoxic effects associated with chronic low dose exposure are more
difficult to identify (Mergler 2002). Currently the most sensitive method for
evaluating early stages of neurotoxicity in humans is through neurobehaviour
tests designed to evaluate cognitive, sensory and motor function. Detection of
biochemical changes may offer a sensitive method that may allow us to
understand early stages of neurotoxicity in humans (Manzo et al. 1996).
Currently, there are no useful biochemical markers of MeHg neurotoxicity for
human populations. Following a review of the literature, three biomarkers were
proposed for their potential use in the detection of the early neurotoxic effects of
MeHg exposure (i.e. mACh receptors, ChE and MAO). These biomarkers are
present in blood tissue, offering an ethical method to detect CNS dysfunction in
human populations. The goal of this thesis was to develop and explore the
application of these biomarkers in human populations exposed to MeHg.

The first step was to evaluate the feasibility of measuring the peripheral
biomarkers in human blood from rural communities. Due to the potential large
population sizes, screening tools were adapted for use in microplates (Chapter
2). Controlled storage studies suggest that platelets and plasma can be stored
on ice without significant loss of biomarker function (MAO and ChE, respectively).
While plasma ChE activity remains stable when frozen, platelet-MAO activity is
more stable when stored at -80°C when compared to -20°C. The mACh receptor
assay performed with isolated lymphocytes must be performed immediately,
limiting the application to epidemiological studies. These findings address
feasibility concerns for the application of the potential peripheral biochemical
markers in epidemiological studies.

Hg compounds are known to disrupt mACh receptor binding in rat models
(Castoldi et al. 1996). In order to examine the application of this biomarker for
the detection of Hg toxicity in human populations, an in vitro examination was
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performed to identify the interactions of Hg compounds with brain tissue from
various animal species, including humans (Chapter 3). This study confirms that
the inhibitory effect of Hg on mACh receptor radioligand binding is consistent in
the animal species examined (rats, mouse, otter, mink and humans). However,
analyses of IC50 values indicate that the sensitivity to Hg varies in different
species, possibly due to isoform expression and genetic differences. Of the
species examined, human brain mACh receptor binding was the least sensitive.
These data conclude that the human form of the mACh receptor is inhibited by
Hg compounds, and suggest that examination of lymphocyte mACh receptor
binding may be a relevant target for MeHg in human epidemiological studies.

Repeated oral exposure to MeHg has been shown to inhibit MAO activity
in several brain regions in adult Sprague Dawley rats (Chakrabarti et al. 1998).
While the physiological consequence of reduced MAO function in adults is
unclear, impairment of MAO during brain development is known to cause
moderate to severe behavioural abnormalities (Whitaker-Azmitia et al. 1994; Shih
and Thompson 1999; Shih 2004). Chapter 4 demonstrated low-level maternal
exposure to MeHg before and throughout gestation reduced MAO activity in the
brain of adult female offspring. Additionally, whole rat embryos cultured in the
presence of low concentrations of MeHg have significantly reduced MAO activity.
These findings also suggest MAO may act as an indicator of long-term
neurotoxicity following gestational exposure to MeHg.

Some species of fish from the St-Lawrence River have been shown to
have elevated levels of MeHg (Mahaffey and Mergler 1998; Mergler et al. 1998).
The region of the St-Lawrence River located near Lac St-Pierre is home to
commercial and recreational fishers. In this study, the association between Hg
exposure levels and peripheral biomarker function in fish-eating adults were
evaluated (Chapter 5). Exposure in this community was generally low and none
of the participants were within the Health Canada’s increasing risk range for
blood-Hg (20-200 ug/L). Platelet-MAO activity was inversely associated with
blood-Hg concentrations suggesting a biochemical effect of exposure. Reduced

MAOQ activity is associated with blood-Hg levels above the EPA’s guideline level
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(5.8 pg/L). No association was observed between blood-Hg and lymphocyte
mACh receptor or serum ChE activity. Heavy smoking was also associated with
decreased MAO activity in the population. Given that platelet-MAO activity was
affected by Hg exposure, MAO may serve as a marker of the early neurotoxic
effects of MeHg exposure in human populations.

While animal studies suggest that the cholinergic nervous system is
involved in mechanism of MeHg neurotoxicity, no effects were observed between
Hg exposure and lymphocyte mACh receptor binding or ChE activity in the Lac
St-Pierre community. The in vitro data from Chapter 3, suggest that the human
form of the mACh receptor may be less sensitive to Hg inhibition than the rodent
receptor. While not directly comparable, the in vitro concentrations of Hg required
to inhibit human mACh receptor binding in human brain membrane preparations
were much greater than blood concentrations observed in Lac St-Pierre
community.

It is known that Hg compounds are capable of disrupting protein function in
the brain, resulting in secondary effects related to altered cellular function and
organism behaviour. Because protein disruption represents the general mode of
Hg toxicity in the brain, detection of any biochemical perturbation related to
neuronal transmission may serve as an indicator of neurotoxicity. Under this
definition, because MAO is found in catecholaminergic neurons in the brain,
enzymatic changes are relevant marker of CNS dysfunction. These Hg related
biochemical changes will therefore assist in the understanding of the continuum
of Hg toxicity progression and may represent a hallmark of the earliest stages
CNS disease states.

Future studies are required to explore the interaction between Hg
compounds and MAO. In vitro studies suggested that Hg can bind to essential
cysteine residues, which may result in permanent damage to the enzyme
(Gomes et al. 1969). It is still unclear how organic and inorganic Hg compounds
differ in their ability to inhibit MAO activity. Additional studies should investigate
other 5-HT related markers, including receptors and transporters as biochemical
targets of Hg compounds. The developing embryo is particularly sensitive to
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changes in MAO activity, as high levels of serotonin during brain growth inhibit
neuronal migrafion and synaptogenesis (Shih and Thompson 1999). Given that
MeHg neurotoxicity is particularly sensitive to the developing brain, future studies
should evaluate how MAO inhibition and potential increases in serotonin levels

may be involved in neurotoxicity.

The epidemiological studies should also be repeated in other communities
to confirm these findings and evaluate the effects of other confounding neurotoxic
poliutants. The Lac St Pierre community was exposed to low-levels of Hg, and it
would be important to understand the interaction of Hg at higher exposure levels
to complete the platelet-MAO dose/response curve. If future studies consistently
show an interaction between platelet-MAO and Hg exposure, then case-control
studies (high fish consumers versus non-fish consumers) designed to evaluate
MAO levels through brain imaging techniques are warranted to validate MAO as
a surrogate biomarker of neurotoxicity. Longitudinal studies would also help
explain and identify variations in biomarker activity in order to establish a platelet-
MAO baseline level.

The development of indicators of neurotoxicity has not progressed as
quickly as in other medical research areas. While some biomarkers are available
for the detection of Hg toxicity, they generally identify the irreversible stages of
Hg neurotoxicity. The understanding of the molecular mechanism of Hg
neurotoxicity will help identify a continuum of effects observed in following low-
level exposure. Sensitive protein targets altered by Hg compounds may provide
new opportunities for biomarker evaluations. This thesis provides a basic
framework of results that suggest that platelet-MAO may be an early target of Hg
toxicity. Platelet-MAO is the first biochemical marker that has shown to correlate
with Hg exposure in a human population. The stability and ease of measurement
of this biomarker offers a unique opportunity to explore Hg related biochemical
interactions in epidemiological studies. If the robustness of the use of platelet-
MAQO as a biomarker can be shown in other populations, it will provide an

important tool for future environmental health investigations.
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Limitations

There are several limitations to the findings in this thesis. The major
impacts of these findings are based on the assumption that reduced platelet-
MAO activity reflects brain MAO-activity and Hg related toxicity. Despite years of
laboratory research, the specific effects of Hg compounds on the nervous system
leading to behavioural and developmental impairments, has not been clearly
identified. General mechanisms of Hg neurotoxicity include oxidative stress,
mitochondrial dysfunction, calcium signalling, and membrane disruption, may all
contribute to cellular damage and eventual cell death (Castoldi et al. 2001).
Therefore, the conclusion that reduced platelet-MAO is an indication of
neurotoxicity is limited due to the insufficient understanding of Hg neurotoxicity.
The assumption that reduced platelet-MAO mirrors brain-MAO activity may also
be dependent on the neurotoxic compound, or the state of the disease causing
neuronal damage. Therefore, it is possible that reduced platelet-MAO activity
may not relate to altered physiological change in the nervous system, and may
be only used as a biomarker of exposure.

The literature does not identify any clear toxicity resulting from the direct
effects of reduced platelet-MAO activity in the adult brain. Human studies have
shown that platelet-MAO activity reflects brain MAO function in heavy smokers
(Berlin et al. 1995; Fowler et al. 1996), however few studies have identified any
neurological consequence of subtle and chronic enzyme reduction (Shih 2004).
There is some evidence that MAO and serotonin levels in platelets may be
related to neurological diseases, including Parkinson’s, Alzheimer's and
Schizophrenia (Bond et al. 1979; Jossan et al. 1991; Jarman et al. 1993;
Fitzgerald et al. 1996; Zhou et al. 2001), however this evidence is inconsistent
(Konings et al. 1995; Simpson et al. 1999). While it is hypothesized that the
reduction in brain-stem MAO in the female offspring may represent direct MAO
inhibition or reduced monoaminergic neurons due to Hg exposure, these changes
may only represent brain homeostasis and not actual Hg related neurotoxicity.
Based on the lack of understanding of the consequences of reduced MAO
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activity, it is difficult to clearly identify the risks of Hg exposure in this popuiation
from biomarker measurement.

Peripheral biochemical markers, including platelet-MAO, may vary widely
in the population and therefore the specificity of MAO for detection of Hg related
effects are limited. In the Lac St-Pierre study, only 10% of the variation in platelet-
MAO activity could be explained by the independent variables. Therefore, the use
of this marker for identification of neurotoxicity on an individual-level is extremely
limited. Platelet-MAO is more useful in large epidemiological studies, where the
effects of smoking, alcohol and other relevant confounders can be controlled
using multiple regression approaches. At the present time, platelet-MAO should
only be used to complement current strategies of risk assessment in a
population. Another limitation of the Lac St Pierre study is the limited sample
size. While 130 participants were recruited for this study, a larger sample size
would have increased the power of the study and allowed for opportunities to
stratify the population in order to examine relationships in women and men
individually, with regards to MAO activity.

Animal studies indicate a clinical significance of reduced brain MAO
activity during critical periods of gestation. This is a result of increased serotonin
levels and subsequent over activation of the 5-HT receptors, leading to
decreased neuronal growth and development in the offspring. The rodent
gestational study (Chapter 4) showed reduced MAQO activity in the brain-stem
region of the adult female offspring, while no effect was observed in the male
offspring. Ideally, the MAO activity should have been measured shortly after birth
in order to evaluate the effects during this critical period of development. This
study was designed to simultaneously evaluate offspring behavioural changes,
and therefore MAO was only measured on PND 41. Information regarding
temporal changes in MAO activity in the brain would greatly increase the
understanding of this biochemical effect.

These animal studies were also limited by the power of the experimental
design as a result of low sample size. Sample size for this study was based on
the previous MeHg dosing study performed in adult rats (Chakrabarti et al. 1998).
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In the study, the MAO inhibition in the adult rodent brains by MeHg exposure was
more robust than in this gestational study. Therefore if the power of this study
been increased, specific gender related effects could have been confirmed.

Finally, the rodents in this study had access to regular rodent chow diets,
which may contain additional contaminants. It has been recently shown that
rodent chow contains significant levels of MeHg and even organochlorines from
the fish-meal components (Weis et al, 1995). It is a concern that these diets used
in this study may contain sufficient background contaminant levels to influence
the results of this animal study. Chow diets that do not include fish-meal would
have been more appropriate for this gestational study. Future animal studies
should be particularly aware of potential contaminants that may influence toxicity
and subsequent biochemical endpoints.

107



REFERENCES

108



Abd-Elfattah AS, Shamoo AE (1981) Regeneration of a functionally active rat
brain muscarinic receptor by D-penicillamine after inhibition with
methylmercury and mercuric chloride. Molecular Pharmacology 20:492-
497.

Adem A, Nordberg A, Bucht G, Winblad B (1986) Extraneural cholinergic markers
in Alzheimer's and Parkinson's disease. Prog Neuropsychopharmacol Biol
Psychiatry 10:247-257.

Adem A, Nordberg A, Slanina P (1986) A muscarinic receptor type in human
lymphocytes: a comparison of 3H-QNB binding to intact lymphocytes and
lysed lymphocyte membranes. Life Sci 38:1359-1368. .

Agusa T, Kunito T, lwata H, Monirith |, Tana TS, Subramanian A, Tanabe S
(2005) Mercury contamination in human hair and fish from Cambodia:

levels, specific accumulation and risk assessment. Environ Pollut 134:79-
86.

Amin-Zaki L, Elhassani S, Majeed MA, Clarkson TW, Doherty RA, Greenwood M

(1974) Intra-uterine methylmercury poisoning in Iraq. Pediatrics 54.:587-
595.

Aschner M, Aschner JL (1990) Mercury neurotoxicity: mechanisms of blood-brain
barrier transport. Neurosci Biobehav Rev 14:169-176.

Aschner M, Clarkson TW (1988) Uptake of methylmercury in the rat brain: effects
of amino acids. Brain Res 462:31-39.

Aschner M, Yao CP, Allen JW, Tan KH (2000) Methylmercury alters glutamate
transport in astrocytes. Neurochem Int 37:199-206.

ATSDR, Toxicological Profile for Mercury. Agency for Toxic Substances and
Disease Registry, U.S. Department of Health and Human Services, Atlanta
(1999).

Bakir F, Damluji SF, Amin-Zaki L, Murtadha M, Khalidi A, al-Rawi NY, Tikriti S,
Dahahir HI, Clarkson TW, Smith JC, Doherty RA (1973) Methylmercury
poisoning in Irag. Science 181:230-241.

Balland M, Vincent-Viry M, Henny J (1992) Effect of long-term storage on human

109



plasma cholinesterase activity. Clin Chim Acta 211:129-131.

Basu N, Klenavic K, Gamberg M, O'Brien M, Evans RD, Scheuhammer AM,
Chan HM (2005) Effects of mercury on neurochemical receptor binding
characteristics in wild mink. Environ Toxicol and Chem 24:1444-1450.

Basu N, Scheuhammer A, Grochowina N, Klenevic K, Evans D, O'Brien M, Chan
HM (2005) Effects of mercury on neurochemical receptors in wild river
otters (Lontra canadensis). Environ Sci Tech 39:3385-3591.

Basu N, Stamler CJ, Loua KM, Chan HM (2005) An interspecies comparison of
mercury inhibition on muscarinic acetylcholine receptor binding in the
cerebral cortex and cerebellum. Toxicol Appl Pharmacol 205:71-76.

Bellinger DC (2004) Lead. Pediatrics 113:1016-1022.

Bergamaschi E, Smargiassi A, Mutti A, Cavazzini S, Vettori MV, Alinovi R,
Franchini |, Mergler D (1997) Peripheral markers of catecholaminergic
dysfunction and symptoms of neurotoxicity among styrene-exposed
workers. Int Arch Occup Environ Health 69:209-214.

Berlin |, Anthenelli RM (2001) Monoamine oxidases and tobacco smoking. Int J
Neuropsychopharmacol 4:33-42.

Berlin |, Said S, Spreux-Varoquaux O, Olivares R, Launay JM, Puech AJ (1995)
Monoamine oxidase A and B activities in heavy smokers. Biol Psychiatry
38:756-761.

Billett EE (2004) Monoamine oxidase (MAO) in human peripheral tissues.
Neurotoxicology 25:139-148.

Blair JA, McGonnell IM, Newall DR (1996) Strain difference in growth of AHA and
Han Wistar rat Embryos in vitro and after extended culture in vitro. Toxicol
In Vitro 10:211-215.

Bohnen NI, Kaufer DI, Ivanco LS, Lopresti B, Koeppe RA, Davis JG, Mathis CA,
Moore RY, DeKosky ST (2003) Cortical cholinergic function is more
severely affected in parkinsonian dementia than in Alzheimer disease: an

in vivo positron emission tomographic study. Arch Neurol 60:1745-1748.

Bond PA, Cundall RL, Falloon IR (1979) Monoamine oxidase (MAO) of platelets,

110



plasma, lymphocytes and granulocytes in schizophrenia. Br J Psychiat
134:360-365.

Bondy SC, Agrawal AK (1980) The inhibition of cerebral high affinity receptor
sites by lead and mercury compounds. Arch Toxicol 46:249-256.

Bondy SC, Anderson CL, Harrington ME, Prasad KN (1979) The effects of
organic and inorganic lead and mercury on neurotransmitter high-affinity
transport and release mechanisms. Environ Res 19:102-111.

Boyum A (1968) Isolation of mononuclear cells and granulocytes from human
blood. Scand J Clin Lab Invest 21 Suppl.77-89.

Bradford MM (1976) A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye
binding. Analytical Biochemistry 72:248-254.

Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248-254.

Bronzetti E, Adani O, Amenta F, Felici L, Mannino F, Ricci A (1996) Muscarinic

cholinergic receptor subtypes in human peripheral blood lymphocytes.
Neurosci Lett 208:211-215.

Brown R, Silva AJ (2004) Molecular and cellular cognition; the unraveling of
memory retrieval. Cell 117:3-4.

Budtz-Jorgensen E, Grandjean P, Keiding N, White RF, Weihe P (2000)
Benchmark dose calculations of methylmercury-associated
neurobehavioural deficits. Toxicol Lett 112-113:193-199.

Buhot MC, Martin S, Segu L (2000) Role of serotonin in memory impairment. Ann
Med 32:210-221.

Buznikov GA, Shmukler Yu B, Lauder JM (1999) Changes in the physiological
roles of neurotransmitters during individual development. Neurosci Behav
Physiol 29:11-21.

Bymaster FP, McKinzie DL, Felder CC, Wess J (2003) Use of M1-M5 muscarinic

receptor knockout mice as novel tools to delineate the physiological roles

111



of the muscarinic cholinergic system. Neurochem Res 28:437-442.

Cagiano R, De Salvia MA, Renna G, Tortella E, Braghiroli D, Parenti C, Zanoli P,
Baraldi M, Annau Z, Cuomo V (1990) Evidence that exposure to methyl
mercury during gestation induces behavioral and neurochemical changes
in offspring of rats. Neurotoxicol Teratol 12:23-28.

Cases O, Vitalis T, Seif |, De Maeyer E, Sotelo C, Gaspar P (1996) Lack of
barrels in the somatosensory cortex of monoamine oxidase A-deficient

mice: role of a serotonin excess during the critical period. Neuron 16:297-
307.

Castagnoli K, Steyn SJ, Magnin G, Van Der Schyf CJ, Fourie |, Khalil A,
Castagnoli N, Jr. (2002) Studies on the interactions of tobacco leaf and

tobacco smoke constituents and monoamine oxidase. Neurotox Res
4:151-160.

Castoldi AF, Barni S, Turin |, Gandini C, Manzo L (2000) Early acute necrosis,
delayed apoptosis and cytoskeletal breakdown in cultured cerebellar
granule neurons exposed to methylmercury. J Neurosci Res §9:775-787.

Castoldi AF, Candura SM, Costa P, Manzo L, Costa LG (1996) Interaction of
mercury compounds with muscarinic receptor subtypes in the rat brain.
Neurotoxicology 17:735-741.

Castoldi AF, Coccini T, Ceccatelli S, Manzo L (2001) Neurotoxicity and molecular
effects of methylmercury. Brain Res Bull 55:197-203.

Castoldi AF, Coccini T, Manzo L (2003) Neurotoxic and molecular effects of
methylmercury in humans. Rev Environ Health 18:19-31.

Caulfield MP, Birdsall NJ (1998) International Union of Pharmacology. XVII.
Classification of muscarinic acetylcholine receptors. Pharmacol Rev
50:279-290.

Chakrabarti SK, Loua KM, Bai C, Durham H, Panisset JC (1998) Modulation of
monoamine oxidase activity in different brain regions and platelets

following exposure of rats to methylmercury. Neurotoxicol Teratol 20:161-
168.

112



Chan HM, Receveur O (2000) Mercury in the traditional diet of indigenous
peoples in Canada. Environ Pollut 110:1-2.

Chan HM, Scheuhammer AM, Ferran A, Loupelle C, Holloway J, Weech S (2003)
Impacts of mercury on freshwater fish-eating wildlife and humans. Human
and Ecological Risk Assessment 9:867-883.

Chan HM, Scheuhammer AM, Ferran A, Loupelle C, Holloway J, Weech S (2003)
Impacts of Mercury on Freshwater Fish-Eating Wildlife and Humans.
Human Ecol Risk Assess 9:867-883.

Chan HM, Trifonopoulos M, Ing A, Receveur O, Johnson E (2000) Consumption
of freshwater fish in Kahnawake: risks and benefits. Environ Res 80:5213-
S222.

Charleston JS, Body RL, Bolender RP, Mottet NK, Vahter ME, Burbacher TM
(1996) Changes in the number of astrocytes and microglia in the thalamus
of the monkey Macaca fascicularis following long-term subclinical
methylmercury exposure. Neurotoxicology 17:127-138.

Checkoway H, Costa LG, Camp J, Coccini T, Daniell WE, Dills RL (1992)
Peripheral markers of neurochemical function among workers exposed to
styrene. Br J Ind Med 49:560-565.

Checkoway H, Echeverria D, Moon JD, Heyer N, Costa LG (1994) Platelet
monoamine oxidase B activity in workers exposed to styrene. Int Arch
Occup Environ Health 66:359-362.

Chen K, Wu HF, Shih JC (1993) The deduced amino acid sequence of human
platelet and frontal cortex monoamine oxidase B are identical. Journal of

Neurochemistry 61

Cheng Y, Prusoff WH (1973) Relationship between the inhibition constant (K1)
and the concentration of inhibitor which causes 50 per cent inhibition (150)
of an enzymatic reaction. Biochem Pharmacol 22:3099-3108.

Chrobak JJ, Hanin I, Schmechel DE, Walsh TJ (1988) AF64A-induced working
memory impairment: behavioral, neurochemical and histological
correlates. Brain Res 463:107-117.

113



Clarkson TW (1972) The pharmacology of mercury compounds. Annu Rev
Pharmacol 12:375-406.

Clarkson TW (1997) The toxicology of mercury. Crit Rev Clin Lab Sci 34:369-403.

Coccini T, Randine G, Candura SM, Nappi RE, Prockop LD, Manzo L (2000)
Low-level exposure to methylmercury modifies muscarinic cholinergic
receptor binding characteristics in rat brain and lymphocytes: physiologic
implications and new opportunities in biologic monitoring. Environ Health
Perspect 108:29-33.

Cohen JT, Carlson G, Charnley G, Coggon D, Delzell E, Graham JD, Greim H,
Krewski D, Medinsky M, Monson R, Paustenbach D, Petersen B,
Rappaport S, Rhomberg L, Ryan PB, Thompson K (2002) A
comprehensive evaluation of the potential health risks associated with

occupational and environmental exposure to styrene. J Toxicol Environ
Health B Crit Rev 5:1-265.

Costa LG (1988) Interactions of neurotoxicants with neurotransmitter systems.
Toxicology 49:359-366.

Costa LG (1998) Biochemical and molecuiar neurotoxicology: relevance to
biomarker development, neurotoxicity testing and risk assessment. Toxicol
Lett 102-103:417-421.

Costa LG, Kaylor G, Murphy SD (1988) Muscarinic cholinergic binding sites on
rat lymphocytes. Immunopharmacology 16:139-149.

Costa LG, Kaylor G, Murphy SD (1990) In vitro and in vivo modulation of
cholinergic muscarinic receptors in rat lymphocytes and brain by
cholinergic agents. Int J Immunopharmacol 12:67-75.

Costa LG, Manzo L (1995) Biochemical markers of neurotoxicity: research
strategies and epidemiological applications. Toxicol Lett 77:137-144.

Cox C, Clarkson TW, Marsh DO, Amin-Zaki L, Tikriti S, Myers GG (1989) Dose-
response analysis of infants prenatally exposed to methyl mercury: an
application of a single compartment model to single-strand hair analysis.
Environ Res 49:318-332.

114



Cucuianu M, Bodizs G, Duncea I, Colhon D (1996) Plasma fibronectin in
overweight men and women: correlation with serum triglyceride levels and

serum cholinesterase activity. Blood Coagul Fibrinolysis 7:779-785.

Dalgard C, Grandjean P, Jorgensen PJ, Weihe P (1994) Mercury in the Umbilical
Cord: Implications for Risk Assessment for Minamata Disease. Environ
Health Perspect 102:548-550.

Damberg M, Garpenstrand H, Hallman J, Oreland L (2001) Genetic mechanisms
of behavior--don't forget about the transcription factors. Mol Psychiatry
6:503-510.

Dare E, Fetissov S, Hokfelt T, Hall H, Ogren SO, Ceccatelli S (2003) Effects of
prenatal exposure to methylmercury on dopamine-mediated locomotor
activity and dopamine D2 receptor binding. Naunyn Schmiedebergs Arch
Pharmacol 367:500-508.

Dave V, Mullaney KJ, Goderie S, Kimelberg HK, Aschner M (1994) Astrocytes as
mediators of methylmercury neurotoxicity: effects on D-aspartate and
serotonin uptake. Dev Neurosci 16:222-231.

Davidson PW, Myer GJ, Shamlaye C, Cox C, Gao P, Axtell C, Morris D, Sloane-
Reeves J, Cernichiari E, Choi A, Palumbo D, Clarkson TW (1999)
Association between prenatal exposure to methylmercury and
developmental outcomes in Seychellois children: effect modification by
social and environmental factors. Neurotoxicology 20:833-841.

del'Omo M, Muzi G, Piccinini R, Gambelunghe A, Morucci P, Fiordi T, Ambrogi
M, Abbritti G (1999) Blood cadmium concentrations in the general
population of Umbria, central Italy. Sci Total Environ 226:57-64.

Després C, Beuter A, Richer F, Poitras K, Veilleux A, Ayotte P, Dewalilly E, Saint-
Amour D, Muckle G (2005) Neuromotor functions in Inuit preschool
children exposed to Pb, PCBs, and Hg. Neurotoxicol Teratol In Press

Dolbec J, Mergler D, Sousa Passos CJ, Sousa de Morais S, Lebel J (2000)
Methylmercury exposure affects motor performance of a riverine

population of the Tapajos river, Brazilian Amazon. Int Arch Occup Environ

115



Health 73:195-203.

Egeland GM, Middaugh JP (1997) Balancing fish consumption benefits with
mercury exposure. Science 278:1904-1905.

Eldefrawi ME, Mansour NA, Eldefrawi AT (1977) Interactions of acetylcholine
receptors with organic mercury compounds. Adv Exp Med Biol 84:449-
463.

Erb C, Troost J, Kopf S, Schmitt U, Loffelholz K, Soreq H, Klein J (2001)
Compensatory mechanisms enhance hippocampal acetylcholine release

in transgenic mice expressing human acetylcholinesterase. J Neurochem
77:638-646.

Eto K (1997) Pathology of Minamata disease. Toxicol Pathol 25:614-623.

Faro LR, do Nascimento JL, Alfonso M, Duran R (2002) Mechanism of action of
methylmercury on in vivo striatal dopamine release. Possible involvement
of dopamine transporter. Neurochem Int 40:455-465.

Faro LR, Duran R, do Nascimento JL, Alfonso M, Picanco-Diniz CW (1997)
Effects of methyl mercury on the in vivo release of dopamine and its acidic
metabolites DOPAC and HVA from striatum of rats. Ecotoxicol Environ Saf
38:95-98.

Faro LR, Duran R, Do Nascimento JL, Perez-Vences D, Alfonso M (2003) Effects
of successive intrastriatal methylmercury administrations on dopaminergic
system. Ecotoxicol Environ Saf §5:173-177.

Fitzgerald BB, Costa LG (1993) Modulation of muscarinic receptors and
acetylcholinesterase activity in lymphocytes and in brain areas following
repeated organophosphate exposure in rats. Fundam Appl Toxicol 20:210-
216.

Fitzgerald DH, Tipton KF, Anderson MC, Lawlor B (1996) Substrate specificity of
human platelet monoamine oxidase B activity Parkinson's and Alzheimer's
disease. Biochem Soc Trans 24:63S.

Fitzgerald WF, Engstrom DR, Mason RP, Nater EA (1998) The case for

atmospheric mercury contamination in remote areas. Environ Sci Tech

116



32:1-7.
Fowler BA, Woods JS (1977) The transplacental toxicity of methyl mercury to

fetal rat liver mitochondria. Morphometric and biochemical studies. Lab
Invest 36:122-130.

Fowler BA, Woods JS (1977) Ultrastructural and biochemical changes in renal
mitochondria during chronic oral methyl mercury exposure: the relationship
to renal function. Exp Mol Pathol 27:403-412.

Fowler JS, Logan J, Wang GJ, Volkow ND, Telang F, Zhu W, Franceschi D,
Pappas N, Ferrieri R, Shea C, Garza V, Xu Y, Schilyer D, Gatley SJ, Ding
YS, Alexoff D, Warner D, Netusil N, Carter P, Jayne M, King P, Vaska P
(2003) Low monoamine oxidase B in peripheral organs in smokers. Proc
Natl Acad Sci U S A 100:11600-11605.

Fowler JS, Volkow ND, Wang GJ, Pappas N, Logan J, Shea C, Alexoff D,
MacGregor RR, Schlyer DJ, Zezulkova |, Wolf AP (1996) Brain
monoamine oxidase A inhibition in cigarette smokers. Proc Natl Acad Sci
U S A 93:14065 - 14069.

Fox GA (2001) Wildlife as sentinels of human health effects in the Great Lakes--
St. Lawrence basin. Environ Health Perspect 109 Suppl 6:853-861.

Franks F (1985) Biophysics and biochemistry at low temperatures. London:
Cambridge University Press.

Gasso S, Sunol C, Sanfeliu C, Rodriguez-Farre E, Cristofol RM (2000)
Pharmacological characterization of the effects of methylmercury and
mercuric chloride on spontaneous noradrenaline release from rat
hippocampal slices. Life Sci 67:1219-1231.

Gaudette LA, Freitag S, Dufour R, Baikie M, Gao RN, Wideman M (1996) Cancer
in Circumpolar Inuit. Background information for cancer patterns in
Canadian Inuit. Acta Oncol 35:527-533.

Gimenez-Llort L, Ahlbom E, Dare E, Vahter M, Ogren S, Ceccatelli S (2001)
Prenatal exposure to methylmercury changes dopamine-modulated motor
activity during early ontogeny: age and gender-dependent effects. 9:61-

117



70.

Gobba F (2000) Color vision: a sensitive indicator of exposure to neurotoxins.
Neurotoxicology 21:857-862.

Gomes B, Kloepfer HG, Oi S, Yasunobu KT (1976) The reaction of sulfhydryl
reagents with bovine hepatic monoamine oxidase. Evidence for the

presence of two cysteine residues essential for activity. Biochim Biophys
Acta 438:347-357.

Gomes B, Naguwa G, Kloepfer HG, Yasunobu KT (1969) Amine oxidase. XV.
The sulfhydryl groups of beef liver mitochondrial amine oxidase. Arch
Biochem Biophys 132:28-33.

Grandjean P, Bjerve KS, Weihe P, Steuerwald U (2001) Birthweight in a fishing
community: significance of essential fatty acids and marine food
contaminants. Int J Epidemiol 30:1272-1278.

Grandjean P, Weihe P, White RF, Debes F, Araki S, Yokoyama K, Murata K,
Sorensen N, Dahl R, Jorgensen PJ (1997) Cognitive deficit in 7-year-old

children with prenatal exposure to methylmercury. Neurotoxicol Teratol
19:417-428.

Gu Q (2003) Contribution of acetylcholine to visual cortex plasticity. Neurobiol
Learn Mem 80:291-301.

Harada M (1995) Minamata Disease: Methylmercury poisoning in Japan caused
by environmental pollution. Crit. Rev. Toxicol. 25:1-24.

Harry GJ (1999) Basic principles of disturbed CNS and PNS function. In:
Introduction to neurobehavioural toxicology: food and environment
(Niesink RJM, Jaspers RMA, Kornet LMW, van Ree JM, Tilson HA, eds),
pp 115-163. New York: CRC Press.

Hastings FL, Lucier GW, Klein R (1975) Methylmercury-cholinesterase
interactions in rats. Environ Health Perspect 12:127-130.

Heidemann SR, Lamoureux P, Atchison WD (2001) Inhibition of axonal
morphogenesis by nonlethal, submicromolar concentrations of
methylmercury. Toxicol Appl Pharmacol 174:49-59.

118



Herlenius E, Lagercrantz H (2004) Development of neurotransmitter systems
during critical periods. Exp Neurol 190 Supp! 1:58-21. "

Hoffman DJ, Rattner BA, Burton Jr GA, Cairns Jr J (eds) (2003) Handbook of
Ecotoxicology, ed 2nd. Boca Raton, FL,USA: Lewis Publishers.

Holschneider DP, Chen K, Seif |, Shih JC (2001) Biochemical, behavioral,
physiologic, and neurodevelopmental changes in mice deficient in
monoamine oxidase A or B. Brain Res Bull 56:453-462.

Holson RR, Pearce B (1992) Principles and pitfalls in the analysis of prenatal
treatment effects in multiparous species. Neurotoxicol Teratol 14:221-228.

Hubalek F, Pohl J, Edmondson DE (2003) Structural comparison of human
monoamine oxidases A and B: mass spectrometry monitoring of cysteine
reactivities. J Biol Chem 278:28612-28618.

Jarman J, Glover V, Sandler M, Turjanski N, Stern G (1993) Platelet monoamine
oxidase B activity in Parkinson's disease: a re-evaluation. J Neural Transm
Park Dis Dement Sect 5:1-4.

Jarry H, Metten M, Gamer AO, Wuttke W (2002) Effects of 5-day styrene
inhalation on serum prolactin and dopamine levels and on hypothalamic
and striatal catecholamine concentrations in male rats. Arch Toxicol
76:657-663.

Jossan SS, Gillberg PG, Gottfries CG, Karlsson |, Oreland L (1991) Monoamine
oxidase B in brains from patients with Alzheimer's disease: a biochemical
and autoradiographical study. Neuroscience 45:1-12.

Kajiwara Y, Yasutake A, Adachi T, Hirayama K (1996) Methylmercury transport
across the placenta via neutral amino acid carrier. Arch Toxicol 70:310-
314.

Kawashima K, Fujii T (2003) The lymphocytic cholinergic system and its
biological function. Life Sci 72:2101-2109.

Kobayashi H, Yuyama A, Matsusaka N, Takeno K, Yanagiya | (1979) Effects of
methylmercury chloride on various cholinergic parameters in vitro. J
Toxicol Sci 4:351-362.

119



Kobayashi H, Yuyama A, Matsusaka N, Takeno K, Yanagiya | (1980) Effect of
methylmercury on brain acetylcholine concentration and turnover in mice.
Toxicol Appl Pharmacol 54:1-8. 4

Koch M (1999) The neurobiology of startle. Prog Neurobiol 59:107-128.

Komulainen H, Tuomisto J (1982) Effects of heavy metals on monoamine uptake

and release in brain synaptosomes and blood platelets. Neurobehav
Toxicol Teratol 4:647-649.

Konings CH, Scheltens P, Kuiper MA, Wolters EC (1995) No evidence for
abnormalities in kinetics of platelet monoamine oxidase in Alzheimer's
disease. Clin Chim Acta 240:99-102.

Kosatsky T, Foran P (1996) Do historic studies of fish consumers support the
widely accepted LOEL for methylmercury in adults. Neurotoxicology
17:177-186.

Krajl M (1965) A rapid microfluorometric determination of monoamine oxidase.
Biochem Parmacol 14:1683-1685.

Kuhnlein HV (1995) Benefits and risks of traditional food for Indigenous Peoples:
focus on dietary intakes of Arctic men. Can J Physiol Pharmacol 73:765-
771.

Kuhnlein HV, Chan HM (2000) Environment and contaminants in traditional food
systems of northern indigenous peoples. Annu Rev Nutr 20:595-626.

Kuhnlein HV, Receveur O (1996) Dietary change and traditional food systems of
indigenous peoples. Annu Rev Nutr 16:417-442.

Kuhnlein HV, Receveur O, Soueida R, Egeland GM (2004) Arctic indigenous
peoples experience the nutrition transition with changing dietary patterns
and obesity. J Nutr 134:1447-1453.

Kutty KM, Payne RH (1994) Serum pseudocholinesterase and very-low-density
lipoprotein metabolism. J Clin Lab Anal 8:247-250.

Lakshmana MK, Desiraju T, Raju TR (1993) Mercuric chloride-induced alterations
of levels of noradrenaline, dopamine, serotonin and acetylcholine esterase

activity in different regions of rat brain during postnatal development. Arch

120



Toxicol 67:422-427.

Lawrence L, Melnick P (1961) Enzymatic activity related to human serum beta-
liprotein: histochemical, immuno-electrophoretic and quantitative studies.
Proc Soc Exp Biol Med 107:998-1001.

Lebel J, Mergler D, Branches F, Lucotte M, Amorim M, Larribe F, Dolbec J (1998)
Neurotoxic effects of low-level methylmercury contamination in the
Amazonian Basin. Environ Res 79:20-32.

Lebel J, Mergler D, Lucotte M, Amorim M, Dolbec J, Miranda D, Arantes G,
Rheault 1, Pichet P (1996) Evidence of early nervous system dysfunction in
Amazonian populations exposed to low-levels of methylmercury.
Neurotoxicology 17:157-167.

Legrand M, Arp P, Ritchie C, Chan HM (2005) Mercury exposure in two coastal
communities of the Bay of Fundy, Canada. Environ Res 98:14-21.
Leung TK, Lim L, Lai JC (1992) Differential effects of metal ions on type A and
type B monoamine oxidase activities in rat brain and liver mitochondria.

Metab Brain Dis. 7:139-146.

Levesque PC, Atchison WD (1988) Effect of alteration of nerve terminal Ca2+
regulation on increased spontaneous quantal release of acetylcholine by
methyl mercury. Toxicol Appl Pharmacol 94:55-65.

Levesque PC, Hare MF, Atchison WD (1992) Inhibition of mitochondrial Ca2+
release diminishes the effectiveness of methyl mercury to release
acetylcholine from synaptosomes. Toxicol Appl Pharmacol 115:11-20.

Limke TL, Bearss JJ, Atchison WD (2004) Acute Exposure to Methylmercury
Causes Ca2+ Dysregulation and Neuronal Death in Rat Cerebellar
Granule Cells through an M3 Muscarinic Receptor-Linked Pathway.
Toxicol Sci

Lindstrom H, Luthman J, Oskarsson A, Sundberg J, Olson L (1991) Effects of
long-term treatment with methyl mercury on the developing rat brain.

Environ Res 56:158-169.
Mahaffey KR (2004) Fish and shellfish as dietary sources of methylmercury and

121



the omega-3 fatty acids, eicosahexaenoic acid and docosahexaenoic acid:
risks and benefits. Environ Res 95:414-428.

Mahaffey KR, Clickner RP, Bodurow CC (2004) Blood organic mercury and
dietary mercury intake: National Health and Nutrition Examination Survey,
1999 and 2000. Environ Health Perspect 112:562-570.

Mahaffey KR, Mergler D (1998) Blood levels of total and organic mercury in
residents of the upper St. Lawrence River basin, Quebec: association with
age, gender, and fish consumption. Environ Res 77:104-114.

Manzo L, Artigas F, Martinez E, Mutti A, Bergamaschi E, Nicotera P, Tonini M,
Candura SM, Ray DE, Costa LG (1996) Biochemical markers of
neurotoxicity. A review of mechanistic studies and applications. Hum Exp
Toxicol 15 Suppl 1:S20-35.

Manzo L, Castoldi AF, Coccini T, Prockop LD (2001) Assessing effects of
neurotoxic pollutants by biochemical markers. Environ Res 85:31-36.

Manzo L, Castoldi AF, Coccini T, Rossi AD, Nicotera P, Costa LG (1995)
Mechanisms of neurotoxicity: applications to human biomonitoring. Toxicol
Lett 77.63-72.

Mason RP, Fitzgerald WF, Morel FMM (1994) The biogeochemical cycling of
elemental mercury: Anthropogenic influences. Geochimica et
Cosmochimica Acta 58:3191-3198.

McKay SJ, Reynolds JN, Racz WJ (1986) Effects of mercury compounds on the
spontaneous and potassium-evoked release of [3H]dopamine from mouse
striatal slices. Can J Physiol Pharmacol 64:1507-1514.

Mergler D (2002) Review of neurobehavioral deficits and river fish consumption
from the Tapajos (Brazil) and St. Lawerence (Canada). In: Environmental
Toxicology and Pharmacology, pp 93-99.

Mergler D, Belanger S, Larribe F, Panisset M, Bowler R, Baldwin M, Lebel J,
Hudnell K (1998) Preliminary evidence of neurotoxicity associated with
eating fish from the Upper St. Lawrence River Lakes. Neurotoxicology
19:691-702.

122



Minnema DJ, Cooper GP, Greenland RD (1989) Effects of methylmercury on
neurotransmitter release from rat brain synaptosomes. Toxicol Appl
Pharmacol 99:510-521.

Miura K, Koide N, Himeno S, Nakagawa |, Imura N (1999) The involvement of
microtubular disruption in methylmercury-induced apoptosis in neuronal
and nonneuronal cell lines. Toxicol Appl Pharmacol 160:279-288.

Morel FMM, Kraepiel AML, Amyot M (1998) The chemical cycle and
bioaccumulation of mercury. Annual Review of Ecology and Systematics
29:543-566.

Muckle G, Ayotte P, Dewailly EE, Jacobson SW, Jacobson JL (2001) Prenatal
exposure of the northern Quebec Inuit infants to environmental
contaminants. Environ Health Perspect 109:1291-1299.

Muir D, Braune B, DeMarch B, Norstrom R, Wagemann R, Lockhart L, Hargrave
B, Bright D, Addison R, Payne J, Reimer K (1999) Spatial and temporal
trends and effects of contaminants in the Canadian Arctic marine
ecosystem: a review. Sci Total Environ 230:83-144.

Murata K, Weihe P, Renzoni A, Debes F, Vasconcelos R, Zino F, Araki S,
Jorgensen PJ, White RF, Grandjean P (1999) Delayed evoked potentials
in children exposed to methylmercury from seafood. Neurotoxicol Teratol
21:343-348.

Murchison CF, Zhang XY, Zhang WP, Ouyang M, Lee A, Thomas SA (2004) A
distinct role for norepinephrine in memory retrieval. Cell 117:131-143.

Murphy DL, Kalin NL (1980) Biological and behavioural consequences of
alterations in monoamine exidase activity. Schizophr Bull 6:355 - 367.

Myers GJ, Davidson PW, Cox C, Shamlaye CF, Palumbo D, Cernichiari E,
Sloane-Reeves J, Wilding GE, Kost J, Huang LS, Clarkson TW (2003)
Prenatal methylmercury exposure from ocean fish consumption in the
Seychelles child development study. Lancet 361:1686-1692.

Nagashima K (1997) A review of experimental methylmercury toxicity in rats:
neuropathology and evidence for apoptosis. Toxicol Pathol 25:624-631.

123



Neugebauer EA, Sans Cartier GL, Wakeford BJ (2000) Methods for the
determination of metals in wildlife tissues using various atomic absorption
spectrophotometry techniques. In: Technical Report Series Number 337E,
Hull, Québec, Canada: Canadian Wildlife Service, Headquarters.

Newland MC, Paletz EM (2000) Animal studies of methylmercury and PCBs:
what do they tell us about expected effects in humans? Neurotoxicology
21:1003-1027.

National Research Council (NRC) (2000) Committee on the Toxicological Effects
of Mercury. Toxicological Effects of Methylmercury. Washington, D.C:
National Academy of Sciences.

Oliveira GH, Henderson JD, Wilson BW (2002) Cholinesterase measurements
with an automated kit. Am J Ind Med Suppl 2:49-53.

Omata S, Hirakawa E, Daimon Y, Uchiyama M, Nakashita H, Horigome T,
Sugano |, Sugano H (1982) Methylmercury-induced changes in the
activities of neurotransmitter enzymes in nervous tissues of the rat.
Archives of Toxicology 51:285-294.

Oudar P, Caillard L, Fillion G (1989) In vitro effect of organic and inorganic
mercury on the serotonergic system. Pharmacol Toxicol 65:245-248.

Overstreet DH, Commissaris RC, De La Garza R, 2nd, File SE, Knapp DJ,
Seiden LS (2003) Involvement of 5-HT1A receptors in animal tests of
anxiety and depression: evidence from genetic models. Stress 6:101-110.

Phillips TA, Summerfelt RC, Atchison GJ (2002) Environmental, biological, and
methodological factors affecting cholinesterase activity in walleye
(Stizostedion vitreum). Arch Environ Contam Toxicol 43:75-80.

Polgar J, Chung SH, Reed GL (2002) Vesicle-associated membrane protein 3
(VAMP-3) and VAMP-8 are present in human platelets and are required
for granule secretion. Blood 100:1081-1083.

Rabey JM, Grynberg E, Graff E (1990) Cholinergic muscarinic binding of blood
lymphocytes in patients with Parkinson's disease. Adv Neurol 53:129-134.

Rabey JM, Grynberg E, Graff E (1991) Changes of muscarinic cholinergic binding

124



by lymphocytes in Parkinson's disease with and without dementia. Ann
Neurol 30:847-850.

Rabey JM, Shenkman L, Gilad GM (1986) Cholinergic muscarinic binding by
human lymphocytes: changes with aging, antagonist treatment, and senile
dementia of the Alzheimer type. Ann Neurol 20:628-631.

Rajanna B, Hobson M (1985) Influence of mercury on uptake of [3H]dopamine

and [3H]norepinephrine by rat brain synaptosomes. Toxicol Lett 27:7-14.

Rebsam A, Seif |, Gaspar P (2002) Refinement of thalamocortical arbors and
emergence of barrel domains in the primary somatosensory cortex: a
study of normal and monoamine oxidase a knock-out mice. J Neurosci
22:8541-8552.

Reed GL, Fitzgerald ML, Polgar J (2000) Molecular mechanisms of platelet
exocytosis: insights into the "secrete" life of thrombocytes. Blood 96:3334-
3342.

Rice DC (1996) Evidence for delayed neurotoxicity produced by methylmercury.
Neurotoxicology 17:583-596.

Rice DC (1996) Sensory and cognitive effects of developmental methylmercury
exposure in monkeys, and a comparison to effects in rodents.
Neurotoxicology 17:139-154.

Rice DC (1999) Behavioral toxicology of environmental contaminants - an
overview. In: Introduction to Neurobehavioural Toxicology: Food and
Environment (Niesink RJM, Jaspers RMA, Kornet LMW, van Ree JM,
Tilson HA, eds), pp 311-312. New York: CRC Press.

. Rice DC, Gilbert SG (1990) Effects of developmental exposure to methyl mercury
on spatial and temporal visual function in monkeys. Toxicol Appl
Pharmacol 102:151-163.

Roegge CS, Wang VC, Powers BE, Klintsova AY, Villareal S, Greenough WT,
Schantz SL (2004) Motor impairment in rats exposed to PCBs and
methylmercury during early development. Toxicol Sci 77:315-324.

Rommelspacher H, May T, Dufeu P, Schmidt LG (1994) Longitudinal

125



observations of monoamine oxidase B in alcoholics: differentiation of
marker characteristics. Alcohol Clin Exp Res 18:1322-1329.

Roperto F, Galati D (1998) Exposure of nonmigratory pigeons to mancozeb: a
sentinel model for humans. J Toxicol Environ Health A 54:459-466.

Rossi AD, Ahlbom E, Ogren SO, Nicotera P, Ceccatelli S (1997) Prenatal
exposure to methylmercury alters locomotor activity of male but not female
rats. Exp Brain Res 117:428-436.

Sakamoto M, Kubota M, Liu XJ, Murata K, Nakai K, Satoh H (2004) Maternal and
fetal mercury and n-3 polyunsaturated fatty acids as a risk and benefit of
fish consumption to fetus. Environ Sci Technol 38:3860-3863.

Scheuhammer AM, Cherian MG (1985) Effects of heavy metal cations, sulfhydryl
reagents and other chemical agents on striatal D2 dopamine receptors.
Biochem Pharmacol 34:3405-3413.

Schwartz JH (2000) Neurotransmitters. In: Principles of Neuroscience (Kandel
ER, Schwartz JH, Jessel TM, eds). Montreal: McGraw-Hill.

Shih JC (2004) Cloning, after cloning, knock-out mice, and physiological
functions of MAO A and B. Neurotoxicology 25:21-30.

Shih JC, Thompson RF (1999) Monoamine oxidase in neuropsychiatry and
behavior. Am J Hum Genet 65:593-598.

Sillar KT, McLean DL, Fischer H, Merrywest SD (2002) Fast inhibitory synapses:
targets for neuromodulation and development of vertebrate motor
behaviour. Brain Res Brain Res Rev 40:130-140.

Simpson GM, Shih JC, Chen K, Flowers C, Kumazawa T, Spring B (1999)
Schizophrenia, monoamine oxidase activity, and cigarette smoking.
Neuropsychopharmacology 20:392-394.

Sims NR, Bowen DM, Smith CC, Flack RH, Davison AN, Snowden JS, Neary D
(1980) Glucose metabolism and acetylcholine synthesis in relation to
neuronal activity in Alzheimer's disease. Lancet 1:333-336.

Smargiassi A, Mergler D, Bergamaschi E, Vettori MV, Lucchini R, Apostoli P

(1995) Peripheral markers of catecholamine metabolism among workers

126



occupationally exposed to manganese (Mn). Toxicol Lett 77:329-333.

Smith CJ, Perry EK, Perry RH, Candy JM, Johnson M, Bonham JR, Dick DJ,
Fairbairn A, Blessed G, Birdsall NJ (1988) Muscarinic cholinergic receptor
subtypes in hippocampus in human cognitive disorders. J Neurochem
50:847-856.

Stamler CJ, Abdelouahab N, Pull A, Fontaine J, Vanier C, Mergler D, Chan HM
(2004) Development of surrogate biomarkers for mercury neurotoxicity in
communities from the Lac St-Pierre Region, Canada. FASEB Journal
18:A869-A869 Suppl.

Stamler CJ, Basu N, Chan HM (2005) Biochemical markers of neurotoxicity in
wildlife and human populations: Considerations for method development. J
Toxicol Environ Health A 68(16):1413-29

Stewart PW, Reihman J, Lonky EI, Darvill TJ, Pagano J (2003) Cognitive

development in preschool children prenatally exposed to PCBs and MeHg.
Neurotoxicol Teratol 25:11-22.

Takeuchi T, Eto K (1999) The Pathology of Minamata Disease. Hakozaki, Japan:
Kyushu University Press.

Tayebati SK, Amenta F, Amici S, El-Assouad D, Gallai V, Ricci A, Parnetti L
(2001) Peripheral blood lymphocytes muscarinic cholinergic receptor
subtypes in Alzheimer's disease: a marker of cholinergic dysfunction? J
Neuroimmunol 121:126-131.

Tayebati SK, El-Assouad D, Ricci A, Amenta F (2002) immunochemical and
immunocytochemical characterization of cholinergic markers in human
peripheral blood lymphocytes. J Neuroimmunol 132:147-155.

Tilson HA, Kodavanti PR (1997) Neurochemical effects of polychlorinated

biphenyls: an overview and identification of research needs.
Neurotoxicology 18:727-743.

Tsuzuki Y (1981) Effect of chronic methylmercury exposure on activities of
neurotransmitter enzymes in rat cerebellum. Toxicol Appl Pharmacol
60:379-381.

127



Tuomisto J, Komulainen H (1983) Release and inhibition of uptake of 5-
hydroxytryptamine in blood platelets in vitro by copper and methyl
mercury. Acta Pharmacol Toxicol (Copenh) 52:292-297.

Vahter ME, Mottet NK, Friberg LT, Lind SB, Charleston JS, Burbacher TM (1995)
Demethylation of methyl mercury in different brain sites of Macaca
fascicularis monkeys during long-term subclinical methyl mercury
exposure. Toxicol Appl Pharmacol 134:273-284.

Van Oostdam J, Gilman A, Dewalilly E, Usher P, Wheatley B, Kuhnlein H, Neve
S, Walker J, Tracy B, Feeley M, Jerome V, Kwavnick B (1999) Human
health implications of environmental contaminants in Arctic Canada: a
review. Sci Total Environ 230:1-82.

Von Burg R, Northington FK, Shamoo A (1980) Methylmercury inhibition of rat
brain muscarinic receptors. Toxicol Appl Pharmacol 53:285-292.

Wei JW, Hung WC (1990) Differential distribution of muscarinic receptor subtypes
and their regulation by G-protein in rat brain. Gen Pharmacol 21:471-476.

Wess J (1996) Molecular biology of muscarinic acetylcholine receptors. Crit Rev
Neurobiol 10:69-99.

Wess J (2004) Muscarinic acetylcholine receptor knockout mice: novel
phenotypes and clinical implications. Annu Rev Pharmacol Toxicol 44:423-
450.

Whitaker-Azmitia PM, Zhang X, Clarke C (1994) Effects of gestational exposure
to monoamine oxidase inhibitors in rats: preliminary behavioral and
neurochemical studies. Neuropsychopharmacology 11:125-132.

Whitfield JB, Pang D, Bucholz KK, Madden PA, Heath AC, Statham DJ, Martin
NG (2000) Monoamine oxidase: associations with alcohol dependence,
smoking and other measures of psychopathology. Psychol Med 30:443-
454,

WHO (1990) Environmental Health Criteria Document 101 - Methylmercury. In:
Interational Program on Chemical Safety, Geneva: World Health
Organization.

128



Wiener JG, Krabbenhoft DP, Heinz GH, Scheuhammer AM (2003) Ecotoxicology
of mercury. In: Handbook of Ecotoxicology (Hoffman DJ, Rattner BA,
Burton Jr. GA, Cairns Jr. J, eds), pp 409-463. Boca Raton: CRC Press.

Wilson BW, Padilla S, Henderson JD, Brimijoin S, Dass PD, Elliot G, Jaeger B,
Lanz D, Pearson R, Spies R (1996) Factors in standardizing automated
cholinesterase assays. J Toxicol Environ Health 48:187-195.

Wilson BW, Sanborn JR, O'Malley MA, Henderson JD, Billitti JR (1997)
Monitoring the pesticide-exposed worker. Occup Med 12:347-363.

Weis B, Stern S, Cernichiari E, Gelein R. (2005) Methylmercury contamination of
laboratory animal diets. Environ Health Perspect 113:1120-1122.

Wobeser G, Swift M (1976) Mercury poisoning in a wild mink. Journal of Wildlife
Diseases 12:335-340.

Wren CD (1991) Cause-effect linkages between chemicals and populations of
mink (Mustela vison) and otter (Lutra canadensis) in the Great Lakes
basin. J Toxicol Environ Health 33:549-585.

Wu HF, Chen K, Shih JC (1993) Site-directed mutagenesis of monoamine
oxidase A and B: role of cysteines. Mol Pharmacol 43:888-893.

Yee S, Choi BH (1996) Oxidative stress in neurotoxic effects of methylmercury
poisoning. Neurotoxicology 17:17-26.

Yeomans JS, Frankland PW (1995) The acoustic startle reflex: neurons and
connections. Brain Res Brain Res Rev 21:301-314.

Yokoo EM, Valente JG, Grattan L, Schmidt SL, Platt |, Silbergeld EK (2003) Low-
level methylmercury exposure affects neuropsychological function in
adults. Environ Health 2:8.

Youdim MB, Woods HF, Mitchell B, Grahame-Smith DG, Callender S (1975)
Human platelet monoamine oxidase activity in iron-deficiency anaemia.
Clin Sci Mol Med 48:289-295.

Zabinski Z, Dabrowski Z, Moszczynski P, Rutowski J (2000) The activity of
erythrocyte enzymes and basic indices of peripheral blood erythrocytes

from workers chronically exposed to mercury vapour. Toxicology and

129



Industrial Health 16:58-64.

Zhang M, Creese | (1993) Antisense oligodeoxynucleotide reduces brain
dopamine D2 receptors: behavioral correlates. Neurosci Lett 161:223-226.

Zhou G, Miura Y, Shoji H, Yamada S, Matsuishi T (2001) Platelet monoamine
oxidase B and plasma beta-phenylethylamine in Parkinson's disease. J
Neurol Neurosurg Psychiatry 70:229-231.

Zhou M, Diwu Z, Panchuk-Voloshina N, Haugland RP (1997) A stable
nonfluorescent derivative of resorufin for the fluorometric determination of
trace hydrogen peroxide: applications in detecting the activity of phagocyte
NADPH oxidase and other oxidases. Anal Biochem 253:162-168.

Zhou M, Panchuk-Voloshina N (1997) A one-step fluorometric method for the
continuous measurement of monoamine oxidase activity. Anal Biochem
253:169-174.

Zhou M, Zhang C, Haugland RP (2000) Choline Oxidase - A useful tool for high
throughput assays of acetylcholinesterase, phospholipase D,
phosphatidylcholine-specific phospholipase C and sphingomyelinase. Proc
SPIE-Int Soc Opt Eng 166:37162.

130



APPENDICES

131



Males mamm Control
Low dose
emme High dose

2500 -

2000 -

1500 -

1000 -

500 -

Specific *H-QNB Bound (fmol/mg/h)

CC Str Hip BS Cer

Females wmmm Control
Low dose

== High dose

2500 -

2000 -

1500 -

1000 -

500 -

Specific *H-QNB Bound (fmol/mg/h)

cC Str Hip BS Cer
Brain Region

Appendix A. Effects of MeHg exposure on mACh receptor binding in different
brain regions of male and female offspring (PND 41). Each bar represents the
mean 3H-QNB bound + SEM in male rats (n=5) and female rats (n=5) in the
cerebral cortex (CC), striatum (Str), hippocampus (Hip), brain-stem (BS), and the
cerebellum (Cer) of the dose groups. Brain region had an effect in females
(F(2,74)=29.0, p<0.001) and in males (F(2,74)=32.2, p<0.001). No dose effect
was observed.
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of dhe Elsevier company i 1880.
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 Our ref: HG/smc/May 2005.j1124

Mr Christopher Stamler
Chris.stamler@mail.mcgill.ca
Dear Mr Stamler

Chapter 6: TOXICOLOGY AND APPLIED PHARMACOLOGY, 2005,
Basu et al, ‘An inter-species comparison of ...’, (in press)

As per your letter dated 26 April 2005, we hereby grant you permission to reprint the
aforementioned material at no charge in your thesis subject to the following conditions:

1. If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source, permission must also

be sought from that source. [f such permission is not obtained then that material may
not be included in your publication/copies.

2. Suitable acknowledgment to the source must be made, cither as a footnote or in a
reference list at the end of your publication, as follows:
“Reprinted from Publication title, Vol number, Author(s), Title of article, Pages No.,
Copyright (Year), with permission from Elsevier”.

3. Reproduction of this material is confined to the purpose for which permission is
hereby given.

4.

This permission is granted for non-exclusive world English rights only. For other
languages please reapply separately for each one required. Permission excludes use

in an electronic form. Should you have a specific electronic project in mind please
reapply for permission.

5. This includes permission for the National Library of Canada to supply single
copies, on demand, of the complete thesis. Should your thesis be published
commercially, please reapply for permission.

Yours sincerelv

Helen Gainford, Rights Manager
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May 15™ 2005

To Whom It May Concern:

This letter is to confirm that the co-authors (Peter Beyrouty, Jiun-Ni Liu, Dr. Stan Kubow
and Dr. H.M. Chan) agree that the Ph.D. candidate (Christopher Stamler) may include the
following manuscript in his thesis. The manuscript entitled, “Methylmercury reduces

monoamine oxidase activity in rat embryos and offspring” was a collaborative research
project.

Anu(/ /54/0.7

Chrisfopher Stamler

I, the co-author agree that the cz:indidate, Christopher Stamler, include this manuscript in
his thesis.

& See aHaded e-mail -pq M2

Peter Beyrouty date

_ May 31, >oo8
Jiun-Ni Liv* J date

795 2005

Dr. g!ézan Kubow

. Y\/\AM A A

Dr. Hing Man Chanm datl
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iviatl 3 INBUA!L Ke: 1hesis Lnapier 4: agreement http://webmail.mecgill.ca/message.php?actionlD=148&mailbox=IN...

Date: Fri, 10 Jun 2005 13:47:55 -0700 (PDT)
From: peter bey <peter_c_bey@yahoo.com>
To: Chris Stamler <chris.stamler@MAIL. MCGILL.CA>
Subject: Re: Thesis Chapter 4: agreement

@ 2 unnamed text/html 4.35 KB
Sure Chris, go ahead and include MAO data.
Chris Stamler <chris.stamler@mail.mcgill.ca> wrote:

Hi Peter,

As we discussed over the phone, | will be submitting my Ph.D thesis as a “manuscript based

thesis”. McGill now requires e-mail confirmation that you (as a co-author) are okay that |
include our co-authored work as a chapter in my thesis.

So therefore this letter is to confirm that the co-authors (Peter Beyrouty, Jiun-Ni Liu, Dr.
Stan Kubow and Dr. Hing Man Chan) agree that the Ph.D. candidate (Christopher

Stamler) may include the following manuscript in his thesis. The third manuscript (Chapter 4),

entitled “Methylmercury reduces monoamine oxidase activity in rat embryos and offspring” will be included as Chapter
4 in my Ph.D. thesis.

Please reply to this e-mail, |nd|cat|ng that you agree that | include our co-authored
manuscript in my thesis.

Thanks in advance for your cooperation.

Christopher Stamler

Discover Yahoo'
Stay in touch with email, 1M, photo sharmg & more. Check nt out!
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May 15™, 2005
To Whom It May Concern:

This letter is to confirm that the co-authors (Nadia Abdelouahab, Claire Vanier and

Donna Mergler) agree that the PhD candidate (Christopher Stamler) include the following
manuscript in his thesis.

The manuscript entitled, “Mercury exposure and peripheral biochemical markers in fish
consumers from the Lac St-Pierre Region, Quebec, Canada” is co-authored by C. Stamler,
N. Abdelouahgb, C. Vanier, D. Mergler and H.M. Chan.

Mﬁy (S/65

(fhr%tophcr Stamler

L, the co-author agree that the candidate, Christopher Stamler, can include this manuscript
in his thesis.

‘i A4 et ™

—7NadlxAbdelouahab — ———>> Date

- 6 /mj/r) 5

Claire Variier Date

, .-%/0&’/0&"

Dr. Donna Me/r,(ge%/ i ) ) Datt /

Yvu,lu.w@/

Dr. ang Man Chan Date

o

VAR
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