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Abstract

Neurological Effects of Low-Level, Chronic

Domoic Acid Exposure in a Nonhuman Primate Model

Rebekah Lee Petroff

Chair of the Supervisory Committee:
Thomas M. Burbacher

Environmental and Occupational Health Sciences

Global oceans play an important role in many aspects of human life. We build our homes
on the shores, take our food from the waters, and create our economies from the wealth of
resources in marine waters. There is a growing recognition, however, that certain species of
marine algae produce potent toxins that can accumulate in seafood and pose health risks to
human and wildlife populations. Domoic acid (DA), the focus of this dissertation, is produced by
algae in the genus Pseudo-nitzschia. DA is a potent glutamate receptor agonist and neurotoxin,
and high-dose exposure to this toxin has been associated with severe illness and permanent
memory loss. Although there are strict regulatory limits preventing human exposures greater
than 0.075-0.1 mg/kg, recent studies have suggested that repeated and chronic exposures

below these levels may affect memory and learning in adults (Grattan et al., 2016, 2018).



The studies described in this dissertation took place as part of a larger investigation on
the reproductive and developmental consequences of low-dose, chronic DA exposure during
pregnancy in a nonhuman primate model (Macaca fascicularis). Early results from this study
demonstrated that daily, oral exposure to 0.075 to 0.15 mg DA/kg/day for up to two years,
induced symptoms in adults that were manifested as intention tremors (Burbacher et al., 2019).
Given that previous studies have found oral doses up to ten times greater than those used in
the present study were not overtly toxic, this observation was unexpected (Truelove et al.,
1998). The three experiments detailed in Chapters 2, 3 and 4 were designed to further identify
the brain’s structural, physiological, and cellular effects in this unique cohort of animals and
provide a greater understanding of the health risks associated with chronic, low-dose DA

exposure.

In the first study, in vivo work using magnetic resonance imaging (MRI) demonstrated
that the previously observed intention tremors were associated with white matter deficits in a
key neural circuit involved in memory processing, including the fornix and internal capsule
(Petroff et al., 2019). In the second study, electroencephalography (EEG) data were collected
from sedated adult females, and results suggested subtle changes in power of DA-exposed
animals that may be associated with neurophysiological changes (Petroff, et al., submitted). The
final body of work in this dissertation integrates these findings by using in vivo MRI scans and
ex vivo histopathology to understand the cellular level effects of low-level chronic exposure to
DA. Study data revealed that animals exposed to DA and displaying clinical symptomology have
a higher incidence of focal microglia reactions, which may be related to the observed decreases
in white matter integrity and due to the activation of neuroinflammation pathways (Petroff et al.,
in preparation). Collectively, the studies described in this dissertation provide the first data on
chronic, low-dose oral exposure in a preclinical nonhuman primate model and explore the

consequences of DA on adult neurophysiology and macro and microstructural changes in the



brain. Vulnerable human populations, such as high-frequency shellfish consumers and coastal
dwelling communities, may not be fully protected by existing guidelines and further longitudinal

investigation is warranted to adequately protect public health.
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1.1 Oceans and Human Health

Oceans cover over 70% of the Earth’s surface; we lean on them to supply our foods and
medicines, while building our homes and recreational lives on shores and coastlines. Amidst the
growing pressures of climate change and other anthropogenic strains, the health of our oceans
is increasingly threatened. Many species of marine algae are an essential part of oceanic
ecosystems, but some can produce dangerous toxins that pose a health risk to humans and
wildlife alike. Domoic acid (DA), the cause of Amnesic Shellfish Poisoning (ASP) and the focus
of this dissertation, is a common marine neurotoxin produced by algae in the genus Pseudo-
nitzschia. This naturally occurring toxin concentrates in shellfish and finfish, where it can persist
for weeks after an algal bloom subsides (Wekell et al., 1994b, 1994a). In recent years, record-
breaking concentrations of DA in clams, mussels, oysters and Dungeness crab have been
recorded, and exposures in coastal dwelling populations have become a significant public
health concern (Du et al., 2016; Trainer and Hardy, 2015).

The use of DA was documented as early as 1958 in Japan, where it was characterized
as an anti-parasitic treatment when administered in doses of 20 mg (Takemoto and Daigo,
1958). It was not until nearly thirty years later, when the potent neurotoxicity of the compound
was fully revealed. On Prince Edward Island, Canada, over 150 people were sickened after
consuming DA-contaminated shellfish (Perl et al., 1990b, 1990a). Of those who met the case
definition (having gastrointestinal or neurological symptoms within 48 hrs after consuming
mussels), most reported upset stomachs, vomiting and diarrhea that developed within 4-5 hours
of exposure. Additionally, 18% were admitted to the hospital with seizures and a host of other
neurological symptoms, which ranged from uncontrollable emotionality to coma. Four people
died as a result of DA toxicity (Perl et al., 1990b).

The pressures of climate change are shifting the historical pattern of Pseudo-nitzschia

algal blooms (McKibben et al., 2017) and contributing to larger, more severe, and longer lasting



blooms (Wells et al., 2015a, 2020). DA has now been documented in ocean waters around the
globe (Bates et al., 2018) and in 2016, the largest DA bloom ever recorded extended from
California to the Alaskan Peninsula (McCabe et al., 2016). When these ecological changes are
considered in the context of increasing human reliance on seafood as a major source of dietary
protein (FAO United Nations, 2013), there is heightened risk for human exposure to DA at or
near the current regulatory limit (0.075 to 0.1 mg/kg/day) (Andjelkovic et al., 2012; Ferriss et al.,
2017). Very little is known about the health effects of longer-term exposure near this limit,
because most studies of DA effects have focused on using high doses to explore frank
neurotoxicity (Lefebvre and Robertson, 2010). A few recent reports have indicated that long-
term, low level DA exposures result in functional effects in adults. Studies with animal and
human populations suggest that chronic DA exposures at low levels are associated with deficits
in memory and upper limb tremors (Burbacher et al., 2019; Grattan et al., 2018, 2016; Lefebvre
et al., 2017). Subsequently, there is concern that the current regulatory limits may not
adequately protect sensitive populations. For example, new guidance in Washington State
suggests limiting the consumption of razor clams for everyone, but particularly for “women who
are or might become pregnant, nursing mothers, children, the elderly, and people with
compromised renal function” (Washington State Department of Health, n.d.). A review of the
studies that provide critical data regarding DA toxicity following acute, subacute, and chronic

exposures is presented below.

1.3 Acute Human Exposures and Subsequent Environmental Regulation

As described earlier, the largest human episode of DA poisoning occurred in 1987 on
Prince Edward Island, Canada and provided data on the acute health effects of DA at very high
levels of exposure (60 to 290 mg/patient) (Perl et al., 1990b). In addition to a range of symptoms

associated with overt iliness, neuropsychological examinations of affected patients revealed a



unique pattern of functional losses consistent with anterograde amnesia (Todd, 1993). The term
“Amnesic Shellfish Poisoning” is now widely used to refer to the clinical symptomology
associated with acute DA toxicity (Perl et al., 1990a). Anterograde amnesia is characterized by
the lack of ability to form new memories (Tulving, 1983), and, in more extreme DA poisoning
cases, patients with amnesia had persistent and long-term memory deficits (Zatorre, 1990).
One patient that initially survived the poisoning, but later developed temporal lobe epilepsy, died
within a year (Cendes et al., 1995). Several individuals sickened by DA underwent magnetic
resonance imaging (MRI), positron emission tomography (PET) scans, and
electroencephalography (EEGs) assessments. MRI and PET results demonstrated that patients
expressed acute neuronal death in the amygdala and parahippocampal gyrus, as well as
moderate to severe disturbances in electrophysiology, namely spikes and seizure-like activity
(Gjedde and Evans, 1990; Teitelbaum et al., 1990). Histopathological follow-up in deceased
patients also reported injury to the amygdala and hippocampus, while identifying additional
neuronal death and astrocyte reactivity in the amygdala, hippocampus, olfactory cortex, and
thalamus (Carpenter, 1990). This pattern of damage mirrors that found in the hippocampal-
anterior thalamus circuit, causing anterograde amnesia from other sources (Aggleton and
Brown, 1999).

The severity of illness observed in DA-exposed patients prompted policy makers to
develop regulations to protect shellfish consumers from high dose DA toxicity (Wekell et al.,
2004). DA was undetectable in the blood and cerebral spinal fluid of patients by the time tests
were performed in Canada, but concentrations in local shellfish ranged from 310 to 1280 ppm
(Perl et al., 1990b). Additional dose-response calculations by investigators revealed that the
lowest level of DA producing symptoms was 50 mg (Wright et al., 1990). By assuming a
maximum one-meal seafood consumption of 200 g, and including a 12-fold safety factor, the

final regulatory limit was set at 20 ppm in shellfish meat (Wekell et al., 2004). Since then,



research has estimated that the established regulatory limit in seafood is approximately
equivalent to 0.075-0.1 mg/kg in adults (Marién, 1996; Toyofuku, 2006). This limit, however, is
based on information from a single episode of high-dose, catastrophic exposure and does not

address the health risks associated with lower-dose, chronic exposure.

1.4 Chronic Exposure in Human and Wildlife Populations

Humans

In the decades following the poisoning event in Canada, research efforts have shifted to
explore the health effects of more relevant environmental exposure scenarios. There is
considerable interest in identifying populations at heightened risk from chronic, lower-dose
exposure given the increasing prevalence of algal blooms that produce DA in global oceanic
waters. Some cultural groups, such as coastal Native Tribes in the Pacific Northwest, regularly
consume large amounts of seafood and may be chronically exposed to low-dose DA over years
and even decades (Crosman et al., 2019). Given the potential for increased exposure in these
groups, it is not surprising that a longitudinal study of DA exposure in humans is being
conducted in Tribal Nations located on the coast of Washington State.

The Communities Advancing the Studies of Tribal Nations Across the Lifespan
(CoASTAL) cohort was established in 2005, and consisted of 678 participants from three
coastal tribes in Washington State (Tracy et al., 2016). Researchers used dietary records of the
consumption rates of Pacific razor clams (Siliqua patula) and state-reported DA shellfish
concentrations as a proxy for DA exposure (Fialkowski et al., 2010). Cognitive testing in this
cohort revealed that adults consuming >15 razor clams per month had decreases in some
aspects of memory compared to those who ate <15 clams per month, but these changes were
not considered clinically significant (Grattan et al., 2016a). Slight performance decreases were

observed in complex attention and concentration on the WAIS-III Digit Symbol Coding test and



memory on free and delayed recall tests. Follow-up studies in a smaller sub-sample found that
difficulties with everyday memory were significantly associated with the frequent consumption of
razor clams (Grattan et al., 2018). The overall results from this ground-breaking longitudinal
study suggest that chronic exposure to DA at levels that are considered safe may disrupt

memory in human adults.

Sea Lions

In addition to chronic exposures in humans, there are wildlife populations such as
California sea lions (Zalophus californianus) exposed to DA on a regular basis. After acute,
high-dose exposure, sea lions demonstrate marked symptomology similar to humans, including
disorientation, seizures, coma and death (Gulland et al., 2002; Scholin et al., 2000). Chronic
exposures in this species have been associated with deficits in spatial memory as well as
damage to major white matter tracts in the brain (Cook et al., 2018, 2015). Sea lion studies are
important but are limited in translational value because exposure levels cannot be well-
characterized and are likely much higher than human exposures. Even with these caveats,
continued efforts into the development of a translational serum-based antibody biomarker hold
promise for the near future (Lefebvre et al., 2019, 2012). This biomarker has the potential to
distinguish between short-term and chronic exposure and may eliminate current barriers in

studying the chronic effects of DA in humans.

1.5 Domoic Acid Toxicity Mechanism

DA is a small, polar amino acid, structurally similar to the neurotoxin, kainic acid (KA),
and the endogenous neurotransmitter, glutamate (Fig. 1.1) (Wright et al., 1989). Species of
algae produce DA in combination with at least 10 other isomers, which have varying degrees of

toxicity (Clayden et al., 2005; Wright et al., 1990). Once concentrated in shellfish tissue, DA



does not degrade easily, even with typical cooking and freezing methods (McCarron and Hess,
2006).

When contaminated seafood is consumed, DA is slowly absorbed in the gut, with a
bioavailability of <10% (lverson and Truelove, 1994; Jing et al., 2018; Truelove et al., 1997). It
crosses the blood-brain barrier at a rate similar to sucrose (Preston and Hynie, 1991), where it
binds to a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainic acid (KA)
type glutamate receptors (Stewart et al., 1990), triggering a series of events typical of glutamate
derived excitotoxicity (Fig. 1.2) (Wang and Qin, 2010). In cases of acute high-dose exposure,
activated AMPA and KA receptors open, allowing an influx of Na* into the cell and the release of
glutamate into the synapse. N-methyl-D-aspatrtic acid (NMDA) receptors are then indirectly
activated via the released glutamate, and Ca*? ions subsequently flood into the cell. This potent
activation causes the depolarization of the post-synaptic cell and leads to excessive production
of reactive oxygen species (ROS) via the disruption of normal mitochondria function, ultimately
activating necrotic cell death pathways.

Presently, the consensus on the mechanism of action at acute exposure levels (>100
UM in cell cultures) is well established, but lower level effects are not well understood. Currently
it is thought that lower dose exposure may not involve the activation of NMDA type receptors,
but instead produce lower amounts of ROS and activate the apoptotic cell death pathways. In
primary mesencephalic cell cultures, the increase in ROS has been linked to low-level DA
binding to AMPA and KA receptors, releasing enough Ca*? to interfere with mitochondrial
function and increase ROS, but not enough Ca*? to release the neurotransmitter glutamate and
involve additional signaling pathways (Radad et al., 2018). At moderate levels of exposure (~20
K1M) in mixed cortical cultures, DA can induce high levels of cell death in the course of a 2-hr
exposure, but exposures of ~10 uM are sufficient to induce similar levels of neuronal death after

2 hr exposure + 22 hr washout (Qiu et al., 2006). Additional experimentation with alternative



time courses of repeat exposures suggests that the severity of DA effects increase with the
length of time exposed, but only in cases of low-dose exposures (Qiu et al., 2006).

Potential cell death compensatory mechanisms or other means of cell protection may
include several different processes that are dependent on the dose and length of exposure. Low
exposure (2 uM) to DA for 24 hrs causes some cell death in organotypic hippocampal slices, but
also induces neurogenesis for up to a week post-exposure (Pérez-Gémez and Tasker, 2013,
2012). Prolonged exposure to extremely low levels (5-50 nM for up to ten days) does not cause
overt death in neurons or glia in vitro rodent cultures of cerebral granule neurons, cortical
neurons, and organotypic hippocampal slices (Giordano et al., 2013; Hiolski et al., 2016;
Hogberg et al., 2011), but there are some differences in neuroelectrical function measured with
microelectrode arrays of cortical neurons, which involves reductions of the inhibitory
neurotransmitter, GABA (Hogberg et al., 2011), and the suppression of GABAergic neurons in
hippocampal slices (Hiolski et al., 2016). Other low-level mechanisms of toxicity may involve the
upregulation of neuroinflammation pathways; low-level exposure increases the production of
ROS, and related protective mechanisms that help precondition the cultured cerebral granule

neurons for future exposures (Giordano et al., 2013).

1.6 Laboratory Models of DA Exposure

The vast majority of what is known about DA neurotoxicity has been generated from
studies of acute, high-dose exposure, but this scenario is not very relevant to human
populations. Increasingly, the consequences of sub-acute exposures and, more recently,
chronic exposures have been the focus of new experimental studies. As detailed in Table 1.1,
exposure levels can vary widely across studies, depending on the experimental model and route

of exposure used.



Rodents: Pharmacokinetics
Rodents have been used in deciphering the neurotoxic effects of DA since the first

poisoning in 1987. Initial studies in mice reported neurotoxic symptoms of hind-limb scratching,
seizures, and coma and helped reveal DA as the source of toxicity in humans (Iverson and
Truelove, 1994). Early on, it was noted that rodents demonstrated a short half-life of DA in the
body, with iv administered DA eliminated in urine within several hours (Suzuki and Hierlihy,
1993). Oral administration of rodents however, suggests that rats and mice display different
kinetics than primate models, with a bioavailability of ~2% (Truelove et al., 1996) and a much

higher resistance to toxic effects after oral exposures (lverson and Truelove, 1994).

Rodents: Short-Term, Subacute Studies

Mice administered a single dose of 1-1.5 mg/kg DA ip do not display signs of overt
toxicity (Baron et al., 2013) or histopathology (Vieira et al., 2015), and some research suggests
that repeat exposure to 0.5-2 mg/kg ip does not change the toxic response (Peng et al., 1997).
Single exposures in rats of 1 mg/kg ip demonstrates stark differences in spontaneous behavior
that were not connected to any histopathological changes, suggesting that there may still be
functional effects in absence of overt toxicity (Schwarz et al., 2014). Other research using a
preconditioning paradigm (i.e. a very low DA dose followed by a higher dose of DA) have
demonstrated that a single, nontoxic dose of DA can lessen the impact of repeated exposure to
the toxin. Preconditioning with <0.25 mg/kg ip, at least 45 minutes before the administration of 2
mg DA/kg ip, reduced signs of typical DA neurotoxicity (Hesp et al., 2007; Sawant et al., 2010,
2008), suggesting a possible tolerance. This idea of tolerance is supported by observed
reductions in the degree of spatial memory impairment following repeated exposures to 1-2
mg/kg ip in mice, compared with impairments in mice with a single exposure (Clayton et al.,

1999).



Rodents: Chronic Studies
As detailed in Table 1.2, results from studies with repeat exposure to 2 mg DA/Kg ip for

longer time periods (1 month) suggest that key disruptions in cognition and behavior are caused
by neuronal mitochondrial disruption (Lu et al., 2013, 2012; Wang et al., 2018; Wu et al., 2013).
In a longer-term study with mice, chronic (25 weeks), low-level DA exposure (0.75 mg/kg/week
ip) was associated with deficits in learning and memory, but effects were not observed after
cessation of exposure (Lefebvre et al., 2017). These mice had no evidence of gross
neuropathological injury, but the expression of glutamate vesicular transporters was increased
in the hippocampus, which could potentially disrupt normal glutaminergic synapse function
(Moyer et al., 2018).

Alternative routes of exposure have not been extensively utilized in chronic rodent
studies. One long-term study in rodents demonstrated that rats orally administered DA at 0.1
and 0.5 mg/kg/day for over 2 months did not reveal signs of overt neurotoxicology or
histopathology (Truelove et al., 1996). Another study aimed at assessing developmental toxicity
also reported no signs of overt toxicity in the adult female dams chronically exposed to 1 and 3

mg DA/kg/day for nearly 3 weeks (Shiotani et al., 2017).

Nonhuman Primates: Pharmacokinetics

Perhaps the most relevant model to contemporary human exposures is research in the
nonhuman primate monkey model. Early DA studies demonstrated that the pharmacokinetic
properties of DA in monkeys closely mirror humans (Iverson and Truelove, 1994), and initial
toxicity symptoms share similar onsets, around 4-5 hrs after consumption (Perl et al., 1990a;
Tryphonas et al., 1990c). Recent pharmacokinetic research has used nonhuman primates to

model oral exposures in humans, demonstrating that oral DA absorption, and thus peak
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exposure, is highly limited (Jing et al., 2018). Bioavailability, however, is still moderate, at ~8%

(Jing et al., 2018; Truelove et al., 1997).

Nonhuman Primates: Chronic Studies

Chronic toxicity studies in nonhuman primates are limited to two cohorts of animals. One
study utilized oral doses of 0.5-0.75 mg/kg/day for 30 days in female macaques and did not
reveal signs of overt toxicity, including clinical observations, hematological parameters, and
histology of major organs (Truelove et al., 1997). A more recent longitudinal investigation was
designed to explore the consequences of chronic, low-dose, oral DA exposure in adult female
macaques before and during pregnancy (Burbacher et al., 2019). Animals in this cohort were
exposed to 0.075-0.15 mg/kg/day for up to ten months at levels at or near the current regulatory
limit. Systematic behavioral assessments revealed signs of neurotoxicity in DA-exposed
females that were manifest as intention tremors (Burbacher et al., 2019). The results presented
in this dissertation represent an expansion of the research findings in this unique group of
animals and provide critical data on brain electrophysiology and histopathology in primates

chronically exposed to low levels of DA.

1.7 Dissertation Aims

While the acute toxicity of DA is well understood, the effects from chronic, low-level DA
exposure are still under investigation. As documented above, previous studies have reported
neurological effects of DA following chronic low-level exposures. These effects, however, do not
typically include gross signs of neurotoxicity or histopathology but rather encompass a variety of
subtle functional and cellular changes in the brain that can significantly impact quality of life.

Still, these effects are sparsely reported and bear additional investigation. The present
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dissertation delves into this gap by evaluating the neurological effects of chronic, low-level
domoic acid exposure in an adult, nonhuman primate model.

Research for this dissertation stems from a larger project using nonhuman primates to
assess the maternal reproductive and offspring neurodevelopmental effects from chronic
exposure to 0.075-0.15 mg/kg/day DA. As noted above, an unexpected neurological finding
from this project was that DA-exposed adult macaques demonstrated novel signs of
neurotoxicity — intention tremors when performing a reaching task during regular clinical
assessments (Burbacher et al., 2019). DA is known epileptogen and can lead to seizures and
gross neuronal damage (Teitelbaum et al., 1990). In animal models, assessment of tremors is
limited and can be an inidcator of early signs of seizures or epilepsy (Authier et al., 2019). There
are also numerous pathologies that have been associated with human tremors, including
disrupted circuitry and cell damage in the brain stem, cerebellum, thalamus, frontal cortex,
sensory cortex, and motor cortex (Brittain and Brown, 2013; Louis, 2014; Muthuraman et al.,
2015). Additionally, DA has been known to cause atrophy and lesions at high doses in the
hippocampus, amygdala, and thalamus (Teitelbaum et al., 1990). Research aims, therefore,
were designed to assess global and targeted neurological changes associated with tremors as
well as changes previously associated with chronic low-level exposure to DA. The three
research aims are to:

1. Characterize injury in areas of the brain that are related to DA exposure and tremors

using MRI.

2. Assess functional neuroelectric changes associated with DA exposure and tremors with

EEGs.

3. Evaluate cellular changes in brain regions known to be affected by DA by conducting

postmortem studies on brain tissue.
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Research presented here used the same cohort of adult, female Macaca fascicularis
monkeys, chronically exposed to 0, 0.075, and 0.15 mg/kg/day, for up to 2 years. Sample sizes
for each study depended on available funding (Table 1.3). As detailed in Fig. 1.3, the first set of
outcomes included MRIs and EEGs, which were conducted simultaneously, over a period of 5
months. Necropsies and histopathology were subsequently conducted over the following year.

The first analyses used MRI (including diffusion tensor imaging and magnetic resonance
spectroscopy) to globally assess neurological injury in the brain related to DA exposure and
tremors. Images were first reviewed for any gross lesions that could be the source of tremors.
Global measures of structural changes were assessed to identify damage to the white matter
(primarily axons and myelin). Concentrations of neurochemicals indicative of global brain
damage was then assessed using spectroscopy.

At the same time, studies using EEGs were conducted to assess the functional changes
associated with tremors and DA exposure. Power, a quantitative measure from EEGs that
reflects the degree of signal generated across the brain was used in this analysis. This measure
has been used to identify spectral changes in neurophysiological function in cases of DA-
epilepsy (Sawant et al., 2010). Results from EEGs were analyzed to divulge functional electrical
signaling changes after DA exposure and assess if tremors may be linked to power changes
associated with epilepsy.

Finally, based on the initial global MRI studies, follow-up MRI analyses used volumetry
to assess neuronal atrophy in the thalamus (an area of the brain associated with both tremor
and DA injury) and hippocampus (the primary target of DA) and tractography to assess the
strength and direction of white matter connectivity between these two regions. Any signs of
macrostructural changes observed with these MRI methods were investigated using histology
and immunohistochemistry to assess microstructural cellular damage and glia reactivity in these
key regions associated with tremor and DA exposure.
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Support for the studies described in this dissertation was provided by supplemental
funding acquired through the National Institute of Environmental Health Sciences and the
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Environment.

1.8 Research Impact

Results from these studies are the first to assess the impacts from chronic, low-level
exposures to DA on the primate brain. Using a translational, nonhuman primate model, the body
of work described herein identifies subtle effects on the brain following chronic, low-level DA
exposure and associated signs of behavioral neurotoxicity. Results from this dissertation
provide new avenues for continued research in human populations and animal models to help

determine the adequate regulatory protection from this common marine toxin.
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1.10 Tables and Figures

Table 1.1: Approximate Single-Dose Toxic Levels of DA in Adult Animals and Humans

Oral Intraperitoneal Intravenous
Fish
Acute Effects 0.8-1.2 mg/g Lefebvre et al., 2009
Sub-Acute Toxicity - 0.003-0.5 mg/g Hiolski et al., 2014; ---
Lefebvre et al., 2009, 2007
No Effects <10-13 mg/kg Lefebvre et al., 2007 <0.003 mg/g Lefebvre et al., 2007
Mice
Acute Effects 35 mg/kg Iverson et al., 1989 >2.3 mg/kg Iverson etal., 1989 ---
Sub-Acute Toxicity --- --- -
No Effects 28 mg/kg Iverson etal., 1989 0.6 mg/kg Iverson etal., 1989 ---
Rats
Acute Effects 80 mg/kg Iverson et al., 1989 2 mg/kg Iverson et al., 1989 0.5 mg/kg Nakajima and Potvin,
1992
Sub-Acute Toxicity >60 mg/kg Tryphonas et al., 1990c 1mg/kg Schwarzetal., 2014 ---
No Effects <60 mg/kg Iverson et al., 1989 <0.2 mg/kg Sobotka et al., 1996 ---
Monkeys
Acute Effects 5mg/kg Tryphonas et al., 1990c 4 mg/kg Tryphonas et al., 1990a 0.025 mg/kg Tryphonas et al.,
1990b, 1990c
Sub-Acute Toxicity - - -
No Effects 0.5 mg/kg Iverson and Truelove, 0.5mg/kg Tryphonas et al., 1990b 0.005 mg/kg Jing et al., 2018
1994
Humans
Acute Effects 1 mg/kg Perletal., 1990b - -
Sub-Acute Toxicity - -
No Effects 0.2 mg/kg Perl et al., 1990b -—- -—-
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Table 1.2: Laboratory Models with Chronic, Low-Dose DA Exposures

Study

Model

DA Dose Length of Exposure Findings
Lefebvre et al., 2017 Mice 0.75 mg/kg ip 1x/week, up to 25 weeks Adult deficits in spatial memory that were
recoverable after 9 weeks post-last dose
Shiotani et al., 2017 Rats 1-3 mg/kg, oral [1x/day, for 7 days No observable effects in adults
Burbacher et al., 2019 Monkeys | 0.075-0.15 1x/day, for up to 10 months | Increased intention tremors in exposed adults
mg/kg, oral
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Table 1.3: Sample Sizes for Each Assessment

DA Dose Group Total MRI EEG Postmortem
(mg/kg/day) (n) (n) (n) (n)
0.00 10 6 8 8
0.075 10 2 6 7
0.15 11 4 6 7

Total reflects the overall number of females/group in the parent study. MRI (magnetic resonance imaging) outcomes used a subset of animals to

assess global white matter structure and neurochemicals (Chapter 2), as well as gray matter structure volume and white matter connectivity

(Chapter 4). EEG (electroencephalography) used a larger subset, including the MRI animals and is found in Chapter 3. Postmortem studies used

histology and immunohistochemistry on the largest subset of animals, encompassing all the animals from the EEG subset. This work is found in

Chapter 4.
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Figure 1.1: Chemical structures of domoic acid and analogues. A) Domoic acid; B) Glutamate; C) Kainic Acid

25



® Glutamate
# Domoic Acid
A Ca*?

Neuron

Postsynaptic
membrane

Figure 1.2: Proposed mechanism of action for domoic acid. LEFT: Acute exposures to DA to bind to KA and AMPA type glutamate receptors,
resulting in an influx of Na* into the postsynaptic membrane and the release of glutamate into the synapse. Glutamate activates NMDA receptors,
allowing an influx of Ca*?, and leading to necrotic cell death. RIGHT: Lower level exposures do not involve the NMDA receptors, and therefore,
leads to mitochondrial distress, the production of ROS, and apoptosis. Ca*? = calcium, Na* = sodium, K* = potassium, DA = domoic acid, APMA =
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, KA = kainic acid, NMDA = N-methyl-D-aspartic acid, ROS = reactive oxygen species.
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2.1 Abstract
Domoic acid (DA) is an excitatory neurotoxin produced by marine algae and responsible

for Amnesiac Shellfish Poisoning in humans. Current regulatory limits (~0.075-0.1 mg/kg/day)
protect against acute toxicity, but recent studies suggest that the chronic consumption of DA
below the regulatory limit may produce subtle neurotoxicity in adults, including decrements in
memory. As DA-algal blooms are increasing in both severity and frequency, we sought to better
understand the effects of chronic DA exposure on reproductive and neurobehavioral endpoints
in a preclinical nonhuman primate model. To this end, we initiated a long-term study using adult,
female Macaca fascicularis monkeys exposed to daily, oral doses of 0.075 or 0.15 mg/kg of DA
for a range of 321-381, and 346-554 days, respectively. This time period included a pre-
pregnancy, pregnancy, and postpartum period. Throughout these times, trained data collectors
observed intentional tremors in some exposed animals during biweekly clinical examinations.
The present study explores the basis of this neurobehavioral finding with in vivo imaging
techniques, including diffusion tensor magnetic resonance imaging and spectroscopy. Diffusion
tensor analyses revealed that, while DA exposed macaques did not significantly differ from
controls, increases in DA-related tremors were negatively correlated with fractional anisotropy, a
measure of structural integrity, in the internal capsule, fornix, pons, and corpus callosum. Brain
concentrations of lactate, a neurochemical closely linked with astrocytes, were also weakly, but
positively associated with tremors. These findings are the first documented results suggesting
that chronic oral exposure to DA at concentrations near the current human regulatory limit are

related to structural and chemical changes in the adult primate brain.

Keywords: Domoic acid; neurotoxicity; diffusion tensor imaging; magnetic resonance

spectroscopy; fractional anisotropy; chronic exposure
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2.2 Introduction
Domoic acid (DA) is an excitatory neurotoxin produced by marine algae in the genus

Pseudo-nitzschia and found in ocean waters around the world. DA can accumulate in many
types of seafood, including razor clams, scallops, oysters, mussels, anchovies, sardines, and
crabs (Andjelkovic et al., 2012; Lefebvre et al., 2002; Trainer et al., 2007; Wekell et al., 1994a).
When DA-contaminated seafoods are consumed, people may experience symptoms that
include gastrointestinal distress, seizures, and the disruption of memory processes, collectively
known as the clinical syndrome, Amnesic Shellfish Poisoning (Perl et al., 1990a; Perl et al.,
1990b). The largest known DA human poisoning episode occurred in 1987 on Prince Edward
Island, Canada, where over 150 people became ill and four died after consuming DA-
contaminated mussels. Clinical T2-weighted magnetic resonance (MR) imaging shortly before
the death of intoxicated adults displayed stark atrophy of the hippocampus (Cendes et al.,
1995). Post-mortem histology in affected patients suggested that DA excitotoxicity was
associated with gross necrosis, astrocytosis, and atrophy, primarily in the limbic system and
temporal lobe of the brain, including the hippocampus, amygdala, and thalamus (Carpenter,
1990), and similar effects have been documented in a number of model animals and sentinel
species after acute DA poisoning (McHuron et al., 2013; Silvagni et al., 2005; Tryphonas et al.,
1990c; Vieira et al., 2015). Since 1987, there have been no documented cases of human DA
poisonings, but toxic algal blooms have been increasing in both severity and frequency (Smith
et al., 2018a; Wells et al., 2015b). This oceanographic change has been linked to many causal
factors, including both seasonal upwelling (Du et al., 2016; Schnetzer et al., 2013; Seubert et
al., 2013; Smith et al., 2018b) and shifting ocean temperatures (McCabe et al., 2016; McKibben
etal., 2017; Zhu et al., 2017).

To protect human health, the US Food and Drug Administration has established an

action level of 20 ppm in shellfish tissue (US Food and Drug Administration, 2011). This
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regulatory limit has been officially accepted for commercial and recreational shellfish harvesting
in coastal US states (California Office of Health and Environmental Assessment, 1991,
Washington Department of Fish and Wildlife, n.d.), as well as in the European Union
(O’Mahony, 2018) and Canada (Canadian Food Inspection Agency, 2011). When DA
concentrations are at or above 20 ppm in these locations, beaches are closed to shellfish
harvesting and commercial fisheries suspend operations (Wekell et al., 2004). The 20 ppm
action level was established after the 1987 poisoning, when it was estimated that people
showing symptoms of toxicity consumed approximately 200 mg DA. Follow-up studies have
calculated that the regulatory limit is equivalent to approximately 0.075-0.10 mg DA/kg
bodyweight in a normal, human adult (Marién, 1996; Toyofuku, 2006). This regulatory limit was,
however, only established on acute toxicity data and, in recent years, there has been a growing
number of studies documenting the health effects of chronic low-level DA exposure. Data from
rodent laboratory research with adult animals suggest that chronic, low-dose exposure can
result in short-term, yet recoverable, deficits in cognition (Lefebvre et al., 2017). Human
epidemiological findings from a coastal cohort of adult Native Americans in Washington State
link the consumption of >15 razor clams/month (a proxy for low-level, chronic DA exposure) to
decreased performance on several different memory exams (Grattan et al., 2016a, 2018).
Cognitive deficits from these epidemiological studies were severe enough to interfere with daily
living skills. Collectively, these data suggest that chronic exposure to DA, at environmentally
relevant levels of exposure, may have significant consequences on the central nervous system.
One opportunity with which the effects of chronic DA exposure on health and behavior
are studied has been sentinel marine species, naturally exposed to DA through the consumption
of contaminated seafood (Bossart, 2011). Elevated levels of DA in plasma and urine have been
documented in a variety of animals (Lefebvre et al., 2016), but DA toxicity has been most well-
defined in California sea lions. Many afflicted animals display symptoms that are similar to those

31



observed in acutely poisoned humans, including changes in cognition, seizures, and, in the
case of sea lions, a death rate exceeding 50% (Gulland et al., 2002; Scholin et al., 2000).
Sickened animals exhibit signs of gliosis and neuronal necrosis in patterns similar to human DA
toxicity cases, with damage primarily in the hippocampus and dentate gyrus (Silvagni et al.,
2005). Importantly for the present study, researchers have connected chronic DA toxicosis in
sea lions to differences in the structural integrity of the brain, using diffusion tensor imaging
(DTI) (Cook et al., 2018). DTI is a model used with diffusion-weighted imaging (DWI), a variation
of MR imaging that measures the diffusion rate and anisotropy, or the degree of directionality, of
water in tissues. These measures can be used to estimate changes in the density or integrity of
axon bundles and myelin, as well as changes in glial cells or extracellular fluids. Cook and
colleagues conducted a post-mortem DTI analysis of sea lions diagnosed with DA toxicosis and
found decreased anisotropy in the fornix, a white matter tract connecting the hippocampus and
thalamus. These data demonstrate a link between oral DA exposure and changes in the
microscopic architecture of the mammalian brain, but the translational value of these studies is
difficult to ascertain due to differences in neuroanatomy and the lack of quantifiable dose-
response data.

The study described in this paper offers an innovative approach to examine the effects
of lower level DA exposure by linking behavioral intentional tremors in a nonhuman primate
model with in vivo changes in brain structure. Macaques utilized in the present research were
selected from a larger, longitudinal reproductive and developmental study (Burbacher et al.,
2019). In the parent study, adult female macaque monkeys were chronically exposed to 0.0,
0.075 or 0.15 mg/kg/day oral DA prior to, during, and post pregnancy. These exposures were
selected to mirror estimates of DA exposure in humans who consumed shellfish with elevated
levels of DA below the regulatory threshold (Ferriss et al., 2017; Kumar et al., 2009). Long term
exposure in this investigation yielded unanticipated signs of neurotoxicity in the adult females in
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the form of subtle intentional tremors during a reaching and grasping task (Burbacher et al.,
2019). Subsequently, the aim of the present imaging study was to explore how the observed
intentional tremors in DA-exposed animals were related to changes in brain structure and
neurochemistry in vivo. Individuals were selected based on individual tremor and dose status
and underwent a single, sedated MR scan with DTI to measure whole brain, voxel-wise diffusion
measures. We additionally conducted MR spectroscopy to measure neurochemical
concentrations of n-acetyl aspartate (NAA), choline, creatinine, glutamate/glutamine (GIx), and
lactate, and captured T1- and T2-weighted images to survey for gross lesions. Results from this
translational study represent the first presentation of data that describe in vivo structural
changes in nonhuman primates after chronic, oral DA exposure at levels close to real-world

human exposures.

2.3 Methods
Study Animals

Macaques for the present study were selected from a larger study aimed at investigating
the reproductive and developmental effects of chronic, low-level oral exposure to DA (Burbacher
et al., 2019). Thirty-two healthy, adult female Macaca fascicularis were enrolled in the larger
reproductive and developmental study. All animals were housed in the Infant Primate Research
Laboratory at the Washington National Primate Research Center, paired with a grooming
contact social partner, and allowed unrestricted access to water. Monkeys were fed with Purina
High Protein Monkey Diet (St. Louis, MO) biscuits twice a day and provided extensive
enrichment (fresh produce, toys, movies/music, and frozen foraging treats). All animal
procedure guidelines followed the Animal Welfare Act and the Guide for Care and Use of
Laboratory Animals of the National Research Council and protocols were approved by the

University of Washington Institutional Animal Care and Use Committee.
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Animals were pseudo-randomly assigned to one of three treatment groups: control
(n=10), 0.075 (n=11), or 0.15 (n=11) mg/kg/day of DA (BioVectra, Charlottetown, PE, Canada).
Blinded testers used positive reinforcement techniques to train macaques to drink from a
syringe, complete a battery of clinical assessments to monitor toxicity, and undergo unsedated
saphenous blood draws (Burbacher et al., 2004). After training was complete, all experimental
procedures were conducted for a 2-month pre-exposure period. During this period, animals
were dosed daily with a 5% sucrose solution. Daily, oral exposure to DA was initiated after this
2-month run-in period, and blinded testers orally administered 1 ml of either 0 (n=10), 0.075
(n=11), or 0.15 (n=11) mg/kg of DA in 5% sugar water for at least 2 months. All dosing solutions
were quality controlled by measuring DA concentrations via validated LC-MS/MS methods
(Shum et al., 2018). After at least two months of exposure, enrolled females were bred with
treatment naive males, and dosing continued throughout breeding and pregnancy. Dosing then
was continued postpartum, through the MR imaging.

Plasma DA concentrations were monitored with unsedated blood draws from the
saphenous vein, taken 5 hours after dosing. Blood was drawn into sodium heparin tubes and
centrifuged at 3,000 g. Plasma was separated, stored at -20° C, and analyzed using the
methods detailed in Shum et al., 2018. Before pregnancy, average plasma DA concentrations
were 1.31 ng/ml for the 0.075 mg/kg/day DA group and 3.42 ng/ml for the 0.15 mg/kg/day DA
exposure group. No DA was detected in the vehicle dosed control animals. Twenty-eight
females conceived, 9 in the control group, 9 in the 0.075 mg/kg/day DA exposure group, and 10
in the 0.15 mg/kg/day DA exposure group. Mean blood DA concentrations during pregnancy
were 0.93 ng/ml (SE: 0.22) and 2.93 ng/ml (SE: 0.38) for the 0.075 and 0.15 mg/kg/day DA
exposure groups, respectively.

Throughout the study, general health was monitored daily by clinical staff and weights
were recorded weekly. Trained and reliable examiners conducted clinical assessments on all
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dams at least three times per week. Clinical exams were designed to detect behavioral changes
in study animals and included visual orientation and tracking, as well as fine motor and tremor
assessments. To assess tremors, blinded testers offered individuals a small treat approximately
6-8 inches from the front of the individual homecage, requiring full extension of the individual’s
arm. Testers administered three trials/session, at least three days/week. An animal was
considered positive for tremors on any test session if a tester noted the presence of tremors
during the reach on at least 2 of the 3 trials. All testers maintained a minimum reliability score of
80% with the primary tester, repeated every 6-8 months. One female in the 0.075 mg/kg/day DA
exposure group was dropped from the study after a single breeding due to amenorrhea. In
addition, a female in the control group was dropped from the tremor assessment analysis after
an MRI revealed a lesion in the temporal lobe (see below for additional details).

Previous reported results from the tremor assessment (Burbacher et al., 2019) revealed
a significant increase in tremors in the 0.15 mg/kg/day DA exposure group, when tremor
increase scores (tremor rates observed over the entire DA exposure period up to delivery minus
the tremor rates observed during the pre-exposure period) were compared across DA exposure
groups (see Fig. 2.1). The average tremor increase scores for the 3 DA exposure groups were
5.6% (SE: 1.4%) for the controls, 17.7% (SE: 4.1%) for the 0.075 mg/kg/day DA exposure
group, and 30.5% (SE: 8.3%) for the 0.15 mg/kg/day DA exposure group.

Enrolled individuals were selected from the larger reproductive and developmental study
for MR imaging to compare a subgroup of control females not exhibiting tremors (n=6) to DA
exposed females exhibiting tremors (n=6) (Table 2.1). Selected females included four females
from the 0.15 mg/kg/day DA exposure group, two from the 0.075 mg/kg/day DA exposure group
and six from the control group. The average age of females selected from the DA exposed and
control groups was 8 years and the average weight 4.1 kg. The average duration of DA
exposure for the DA exposed females was 419 days.
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An additional control female that exhibited a high rate of tremors throughout the study
was examined separately to investigate other potential structural brain changes in a nhon-DA

exposed female exhibiting tremors (see Table 2.1).

MR Image Acquisition and Parameters
Each female underwent a single, sedated MR scan. Less than 30 days before the scan,

females were required to meet health standards on a physical exam conducted by clinical
veterinary staff. MR image data were acquired on a Philips 3T Achieva (version 5.17) and a
custom made 8-channel rf head coil that was developed by Dr. Cecil Hayes and optimized for
the small primate head. Females were pre-anesthetized with ketamine (5-10 mg/kg i.m.) and
atropine (0.04 mg/kg i.m.) and maintained on inhaled sevoflurane (0.8 - 2.5%) and 100%
oxygen. Females were placed in the scanner in prone position, and the coil was arranged over
the head. Oxygen saturation levels and single-channel ECG were monitored with an MRI-
compatible device (InvivoPrecess™) and temperature was maintained with warm packs.
Diffusion weighted images were acquired with the following parameters: spin-echo echo-planar
pulse sequence with diffusion gradients, repetition time 5500 ms, echo time 77.98 ms,
reconstructed matrix 128x128, number of slices 44, resolution/voxel size 0.78x0.78x1.5mm, 64
different diffusion weighted directions and one non-diffusion volume at Blip right, b value 1500, 5
different diffusion weighted directions and one non-diffusion volume at Blip left, which where
compatible with FSL's topup and eddy software.

Additionally, both a T1-weighted and a T2-weighted image were captured to allow for
detection of lesions. The 3-D, high-resolution, T1-weighted MPRAGE images were acquired
with a multishot turbo field echo (TFE) pulse sequence and an inversion prepulse (1,151 ms
delay); repetition time (TR)/echo time (TE) = 14 s/7.1 ms; 130 axial slices; acquisition matrix 208

x 141 x 130; acquisition voxel size 0.48 x0.53 X1.0 mm; reconstructed voxel size 0.39 x 0.39 x
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0.5 mm; slice over sample factor = 2; sense factor = 2 in the foot-head direction; turbo factor =
139; number of signaling averages = 1;TFE shots = 65, and acquisition time = 3 min 14 s. A 2-
D, high-resolution, T2-weighted images were acquired with a multishot turbo spin-echo (TSE)
pulse sequence; repetition time (TR)/echo time (TE) = 7374 ms/80 ms; 24 axial slices;
acquisition matrix 208 x 179 x 24; reconstructed voxel size 0.446 x 0.446 x 2 mm; turbo factor =
15; sense factor of 2 in the right left direction, number of signaling averages = 2; and acquisition

time =2 min 42 s.

T1-Weighted and T2-Weighted Image Analysis

Trained testers inspected each slice of T1- and T2-weighted images for abnormalities
and lesions in FSLeyes (McCarthy, 2018). Any hypointensities on T1-weighted images and
hyperintensities on T2-weighted identified on any single slice were verified as lesions by a

second, independent MRI-expert.

Diffusion Weighted Image Processing and Analysis

Whole brain, voxel-wise DTI measures were obtained in FSL (Jenkinson et al., 2012),
using a method that is similar to tract-based spatial statistics, but allows for better alignment (C.
G. Schwarz et al., 2014). Diffusion images were processed using FSL's topup software and
FSL's eddy software to minimize distortion from eddy currents and head motion (Andersson et
al., 2003; Smith et al., 2004), The FSL program, dtifit (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT),
was used to reconstruct the diffusion tensor for each voxel, and the matrix was diagonalized to
obtain tensor eigenvalues, L1, L2, L3. Outcomes of interest included voxel-wise fractional
anisotropy (FA), a measure of the directionality of water diffusion and white matter integrity,
mean diffusivity (MD, MD=(L1 + L2 + L3)/3), axial diffusivity (AD, AD=L1), and radial diffusivity

(RD, RD=(L2+L3)/2). Software buildtemplate, part of Advanced Normalization Tools (ANTS)
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(Avants et al., 2011), was used to coregister individual FA maps to a target brain, chosen at
random from among all scanned individuals. The locations of TFCE significant voxels (from FSL
randomise software) were identified using the macaque NeuroMaps atlas (Dubach and Bowden,

2009; Rohlfing et al., 2012).

MR Spectroscopy

MR spectroscopy data were acquired using the same scanner and rf coil described
above with the following parameters: PRESS pulse sequence, repetition time 2000 ms, echo
time 32 ms, number of FID points 2048, number of averages 48, voxel size 15x15x15 mm and
voxel place centered over right thalamus (and including other brain regions) as shown in Fig.
2.2. MR spectroscopy spar/sdat files were processed using software LCmodel written by
Provencher (Provencher, 1993), using both water-suppressed MRS and non-water suppressed
MRS files as inputs (Fig. 2.3). Absolute concentrations of n-acetyl aspartate (NAA), choline,
creatinine, glutamate/glutamine (GIx), and lactate were obtained by scaling the in vivo spectrum
to the unsuppressed water peak. Concentrations were corrected for cerebral spinal fluid (CSF)

volume before statistical analysis.

Statistical Methods

Behavioral Tremors: Tremor scores for the subjects in the present study were
calculated during baseline and during the exposure period by dividing the total number of
sessions recorded as positive for tremors by the total number of sessions tested. The baseline
or pre-exposure period included all clinical sessions from 2 months prior to the first day of
exposure through the day before exposure. The exposed tremor score used in all analyses
included all clinical observation sessions from day 1 of exposure to the day of imaging. To

assess the normality of the exposed tremor scores distribution, a Shapiro-Wilk test was used.
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DTI: FSL software randomise, a method that uses 500 random permutations and
threshold-free cluster enhancement (TFCE) that corrects for multiple voxel comparisons, was
first used to assess group-wise differences between control and exposed groups and then to
compute brain-wide correlations of DTI measures and individual tremor score at the time of the
scan (Table 2.1) (Smith and Nichols, 2009; Winkler et al., 2014). Tremor scores were
centered/demeaned around the mean tremor score of all animals by subtracting the mean from
the individual score, in accordance with the use of this software program. Any significant
correlations in either the TFCE randomise software analysis was visually identified in the brain
as a cluster in FSLeyes. Diffusion measures from individual voxels within significant clusters
were then correlated to the demeaned tremor scores, using the nonparametric Spearman rank
method. Because significant clusters were analyzed on a whole-brain level, p-values from the
Spearman correlations in individual voxels are not included in the present manuscript.

MRS: Group-wise differences in concentrations of NAA, choline, creatinine, Glx, and
lactate were first compared between exposure groups using a Welch’s t-test in R (R Core
Team, 2020). A follow-up analysis used Spearman’s correlation in R to assess the correlation

between each neurochemical and individual tremor scores (R Core Team, 2020).

2.4 Results

Behavioral Tremors

Tremors were observed rarely during testing sessions prior to DA exposure (see Table
2.1, average n sessions=35). The % of sessions that tremors were observed during DA
exposure for females selected from the DA exposure groups ranged from 29% to 79%, with an
average and SE of 44% * 9% sessions (n sessions ranged from 117 to 236). The % of sessions

that tremors were observed during the DA exposure period for females selected from the control
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group ranged from 1% to 9%, with an average and SE of 4.5% * 1.3% (n sessions ranged from
134 to 293).

The % of sessions tremors were observed during the DA exposure period up to MR
scans (tremor scores) were not normally distributed (W=0.845, p=0.031), thus nonparametric

Spearman’s correlations were used for the analysis of MR measures.

Lesion Identification

Visual inspection of T1- and T2-weighted images revealed that, while there were no
lesions in the low-tremoring, controls or high-tremoring, exposed primates (data not shown), the
high-tremoring control female (Table 2.1) had a significant lesion in the right temporal lobe (Fig.
2.5). Diffusion Tensor Imaging (DTI) and Magnetic Resonance Spectroscopy (MRS) measures

for this individual are denoted by a star in Fig. 2.6 and 2.7.

Diffusion Weighted Images

Using a threshold-free cluster enhancement (TFCE) based analysis, we found that there
were no differences in whole-brain DTI measures when using group-wise analysis to compare
exposed macaques to controls (fractional anisotropy, p=0.132; axial diffusivity, p=0.392; radial
diffusivity, p=0.432; mean diffusivity, p=0.414). Follow-up correlation analysis between whole-
brain DTI measures and tremor scores from the 12 scans revealed a significant negative
correlation between tremor scores and fractional anisotropy (FA) (p=0.048, Fig. 2.7). Clusters of
FA that were significantly related to tremor scores were observed bilaterally in the anterior
internal capsule and fornix. Correlations revealed strong relationships in these regions, as well
as with smaller clusters observed in the pons and corpus callosum (Fig. 2.7). Axial (p=0.178),

radial (p=0.218), and mean diffusivity (p=0.232) were not correlated with tremor scores.
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MR Spectroscopy
MR spectroscopy concentrations were obtained from each female, centered on the right

thalamus. There were no significant differences in neurochemical concentrations between DA
exposed and control females (Welch'’s t-test; n-acetyl aspartate (NAA), p=0.924; choline, p=
0.691; creatinine, p=0.086; glutamate/glutamine (GIx), p=0.852; lactate, p=0.908). In addition,
CSF-corrected measures for NAA, choline, creatinine, and GIx were not significantly correlated
with tremor scores. Lactate concentration, however, was positively correlated with tremor

scores, but measurements were highly variable (Fig. 2.8, p=0.048).

2.5 Discussion

DA is a known neurotoxin, but few studies have investigated the effects of chronic, low-
level exposure to this toxin in any model. This study is the first to use DTI and whole brain
analysis in a nonhuman primate model chronically exposed to oral, low-dose DA. We used a
TFCE approach with DTI to detect differential clusters of significance, a method that has been
shown to have increased sensitivity over other voxel-based analysis methods (Smith and
Nichols, 2009) and was untargeted and unbiased. While this approach lowered our ability to
detect smaller changes in DTl measures, it allowed us to visualize other structural changes in
areas not previously known to be affected by DA. Within the sample of 6 macaque monkeys
chronically exposed to low-levels of DA and 6 non-exposed controls, we did not find any
changes in DTI measures when comparing DA-exposed macaques to the control group.
However, decreased FA, a measure of tissue integrity, was significantly correlated with
increased intentional tremors, but no other diffusion measure was found to be related to
tremors. While the fornix, the major white matter tract connecting the hippocampus, the primary
target of DA, was affected, there were also other areas of the brain that showed significantly

changed FA, including the internal capsule, brainstem, and corpus callosum. Additionally, we
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found a correlation between tremors and increased lactate in the thalamus. These data
collectively show that adult nonhuman primates exposed to chronic, oral, low levels of DA have
neurological damage that can be observed through changes in behavior, neurochemical
concentrations, and neurological structural integrity.

The observed increases in intentional tremors have only been documented in our model,
possibly due to the limited number of chronic, oral DA exposure studies. The only other
published study to examine chronic oral exposures in a preclinical model used exposure levels
of 0.5 and 0.75 mg/kg in macaque monkeys and did not report any significant behavioral or
physiological effects after 30 days of repeated exposure (Truelove et al., 1997). It should be
further noted that standardized observations, such as those included in the current study, were
not utilized in Truelove et al. Other short-term observational and histopathological studies have
demonstrated that higher levels of oral exposure (5-10 mg/kg in monkeys and 30-80 mg/kg in
rodents) are typically associated with acute symptomology (i.e. scratching, vomiting,
shaking/seizures, death) and severe neuronal damage and gliosis primarily in the hippocampus
(Iverson et al., 1989; Tryphonas et al., 1990c), outcomes not observed in our model. In this
research by Tryphonas and colleagues, individual variability in response was noted in both
behavioral responses and pathological findings but was ultimately attributed to the differences in
dose consumed, due to individual variation in vomiting onset and severity (Tryphonas et al.,
1990). Within our study, we did not observe DA related vomiting, but we still found substantial
variability in DA symptomology (tremors), suggesting that there may be hypo- and hyper-
responders to DA. This type of interindividual variation is not uncommon in both
pharmacological and toxicological responses after exposure to xenobiotics and may be due to
variety of factors, such as genetic variation or individual pharmacokinetic differences (Thummel
and Lin, 2014). Additionally, while our procedure for detecting tremors was a valid assay for
monitoring the low-level neurotoxic response to DA, it may not be sensitive enough to detect the
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most subtle of behavioral tremors. Overall, our results suggest that chronic, low-level oral
exposure below levels previously shown to be asymptomatic are related to variable, yet
significant increases in behavioral tremors.

The present results also suggest that these tremors are connected with decreased FA in
several areas of the nonhuman primate brain. FA is a measure of the directionality of water in
the brain and ranges in values from 0 (no directionality or equally restricted in all directions) to 1
(fully restricted in one direction). Especially in white matter tracts, FA is typically high and
reflects overall axonal integrity (Beaulieu, 2002). It has been suggested that low FA scores are
indicative of either direct damage to the myelin/axonal tracts or the replacement of axonal
bundles with other cells (i.e. gliosis) (Alba-Ferrara and de Erausquin, 2013; Budde et al., 2011;
Garcia-Lazaro et al., 2016; Smith et al., 2006). Significant clusters of decreased FA in
tremoring, exposed animals were observed in both the right and left anterior internal capsule
and fornix, and smaller clusters were found in the brainstem and the corpus callosum. The
internal capsule is a complex bundle of fibers that are essential to motor function (Morecraft et
al., 2002), and these fibers include projections that connect the thalamus to the prefrontal
cortex, projections from the basal ganglia, and frontopontine fibers that connect the frontal
cortex and brain stem (Schmahmann et al., 2004). The pons of the brain stem was also found to
have small clusters of decreased FA, possibly in relation to the neurological damage observed
in the internal capsule fibers. Clusters of decreased FA were also observed in the fornix, the
white matter tract that connects to the hippocampus, the limbic structure responsible for
memory and the primary target structure of DA toxicity (Jeffery et al., 2004), and the corpus
callosum, the major white matter structure that connects the left and right hemispheres of the
brain and is integral to processing stimulation from a multitude of senses (Fabri, 2014).

Decreased FA in any of these regions can contribute to a host of neurological phenotypes, but
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continued research is necessary to understand the underlying connection between the observed
behavioral phenotype of intentional tremors to FA deficits across these major brain structures.

In our study, no other diffusion measures, including axial, radial, and mean diffusivity,
were changed in relation to tremors. Previous imaging studies have suggested that axial
diffusivity reflects acute axonal damage, such as beading (Budde and Frank, 2010) or swelling
(Dickson et al., 2007), whereas changes in radial diffusivity are symptomatic of demyelination
(Song et al., 2002). Other studies have implicated that when FA is decreased, but mean
diffusivity is unchanged, there may be other types of neuronal damage, such as axonal
degeneration or an associated glial response, as a cause (Werring et al., 2000). Given our
results in FA changes, we propose that there may be axonal degeneration or an increased glial
cell response, but not acute axonal damage in primates chronically exposed to low-levels of this
increasingly prevalent marine neurotoxin.

Although there are currently no other whole brain DTI analyses in any animal model or
human studies of DA exposure, other studies in DA-exposed humans and sea lions have shown
that acute DA exposures can produce hippocampal lesions and atrophy as visualized with T2-
weighted MR images (Cendes et al., 1995; Montie et al., 2010). Importantly, we did not detect
any visible lesions on T1- and T2-weighted images in either the high-tremoring, DA exposed
macaques or the low-tremoring control animals, but we did confirm the presence of a lesion on
the high-tremoring, control. This finding suggests that tremoring observed in DA exposed
animals may be connected with low-level, neurological damage that is not highly visible on T1-
or T2-weighted MR images. The only other DTI study conducted in DA-exposed mammals was
a post-mortem targeted diffusion analysis in the brains of sea lions that were chronically afflicted
with symptoms of DA poisoning (2018). Authors of this MR study used T2-weighted and DTI
analyses to assess volumetric and structural changes in the brain. In this study, a limited
number of brain regions were selected for analysis, and results showed that FA in the fornix,
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hippocampus, and tracts connecting the hippocampus and thalamus was decreased in DA
poisoned animals. These results are similar to those observed in the fornix in our model but
were obtained from sea lions demonstrating frank neurotoxicity with visible T2-weighted
hippocampal damage, thus suggesting neurological damage that was more severe than the
subtle tremors observed in our study. Neurological effects in the fornix, as observed in our
study, are also consistent with the published literature, as DA is known to primarily target the
hippocampus, resulting in diminished memory. While the present research did not include any
examination of cognition, other non-DA, DTI studies in humans have connected decreases in
FA to reduced working memory and cognitive performance (Nusbaum et al., 2001; Schulze et
al., 2011; Takeuchi et al., 2011).

Our spectroscopy analysis calculated concentrations of several neurochemicals in a
voxel placed over the thalamus and adjacent areas of the brain. These data showed that
concentrations of NAA, choline, creatinine, lactate and GIx were unchanged in relation to
exposure status. NAA, choline, creatinine, and GlIx did not correlate with increasing tremors, but
lactate was significantly increased with increased tremoring in our cohort. Lactate is an
important chemical in the brain, with several multifaceted roles including as: fuel for the brain
(Boumezbeur et al., 2010; Smith et al., 2003); signaling for redox cycling and gene expression
(Brooks, 2009); and conducting normal astrocyte and myelinating oligodendrocyte functions
(Rinholm and Bergersen, 2014). It should be noted, however, that the observed correlation
between lactate and tremors was variable (r=0.58, p=0.048), so further investigations are
needed to confirm this.

The neurological damage observed in this study revealed new brain areas that are
potential targets of DA, but it should be noted that the present study is exploratory and the first
of its kind. Additional research should be conducted in other preclinical models, using both male
and female animals, to verify these results and better understand the biochemical and cellular
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mechanisms underlying the observed changes in FA and lactate. Future research may also be
directed at investigating the relationship between FA and DA-related deficits in memory. These
results, however, remain compelling for humans who are regularly exposed to DA. Our
nonhuman primate model is highly translatable to humans, sharing close similarities in brain
structure, connectivity, and function (Passingham, 2009). In addition to our model, we also
chose to give exposures orally and near the current regulatory limits (Marién, 1996; Wekell et
al., 2004), to bring strong environmental relevance to the study. These results may be
particularly significant to already vulnerable communities that have close cultural connections to
various types of seafood, such as some coastal Native American Tribes, where up to 84% of
people regularly consume razor clams (Boushey et al., 2016). As DA algal blooms continue to
increase in frequency and severity around the globe, it is imperative that we continue to
advance our understanding of the health consequences associated with chronic, low-level

intake of this marine biotoxin.
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2.8 Tables and Figures

Table 2.1: Characteristics of Individuals Selected for MRI Study.

D Dose Days Exposed to Age Weight 9% Tremors % Tremors
(mg/kg/day) DA at MRI (years) (kg) Pre-Exposure®™ Exposure to MRI

1 0.150 363 11.58 4.80 8 32

2 0.150 546 8.08 4.30 0 25

3 0.150 554 7.94 4.10 0 65

4 0.150 346 8.27 3.05 15 79

5 0.075 381 7.96 3.95 0 26

6 0.075 321 7.52 4.40 5 39

Mean 419 8.6 4.1 5 44

7 0.000 0 9.24 5.12 0 2

8 0.000 0 7.91 3.59 0 3

9 0.000 0 7.93 3.99 0 1

10 0.000 0 8.43 5.23 3 9

11 0.000 0 8.14 4.36 0 4

12 0.000 0 7.44 3.34 0 8

Mean 0 8.2 4.3 1 5

13* 0.000 0 8.46 3.06 20 64

" 0% sessions tremors observed on total sessions tested during a 2-month period immediately preceding the start of exposure.
# % sessions tremors observed on total sessions tested from day 1 of exposure to MR scan.
* Indicates high-tremoring, control animal, excluded from analyses
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Figure 2.1: Overall tremors. % of sessions arm/hand tremors observed on reaching task during 2-month pre-exposure period, monthly during DA
exposure period and over entire DA exposure period to delivery’?

"End of breeding for females who did not conceive

2Reprinted from Neurotoxicology and Teratology, 72, Burbacher, T.M., Grant, K.S., Petroff, R., Shum, S., Crouthamel, B., Stanley, C., McKain, N.,
Jing, J., Isoherranen, N., Effects of oral domoic acid exposure on maternal reproduction and infant birth characteristics in a preclinical nonhuman
primate model, Pages 10-21, Copyright (2019), with permission from Elsevier.
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Figure 2.2: MRS voxel placement. Placement of voxel for MR spectroscopy measurement was centered on the right thalamus.
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LCModel (Version 6.3-1L) Copyright: S.W. Provencher. Ref.: Magn. Reson. Med. 30:672-679 (1993).
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Figure 2.3: LCmodel fit. LCmodel fitting of the neurochemical spectrum from the voxel placement shown in Fig. 2.2. Smoothed, fitted curve is
overlayed on measured spectrum. Differences between the fitted model and true spectrum shown by the curve on top.
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Figure 2.4: MRI tremors. % of sessions arm/hand tremors for the imaging study animals observed on reaching task monthly during pre-DA
exposure period, DA exposure period and over entire DA exposure period to MR study for subset of females selected for MR studly.



Figure 2.5: Lesion detection. T2-weighted horizontal image from the high tremoring, control animal. Lesion indicated with the arrow is located in
the right temporal lobe, near the fornix and hippocampus.
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Figure 2.6: FA averages. Sequential coronal slices from anterior to posterior, of average FA across all individuals included in the analysis.
Significant clusters (p<0.05) are superimposed in red-yellow.
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Figure 2.73: FA and tremor correlations. Brain regions with significant Spearman correlations (rho) for
tremor scores and FA. Each correlation represents a single coordinate in the brain from the designated
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denotes the high tremoring control female not included in the correlation analysis.
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Chapter 3: Power spectrum analysis of EEG in a translational nonhuman primate model

after chronic exposure to low levels of the common marine neurotoxin, domoic acid
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3.1 Abstract
Domoic acid (DA), the focus of this research, is a marine neurotoxin and epileptogen

produced by Pseudo-nitzschia algae and found in finfish and shellfish across the globe. The
current regulatory limit for DA consumption (20 ppm in shellfish meat) was set to protect
humans from acute toxic effects, but there is a growing body of evidence suggesting that regular
consumption of DA contaminated seafood below permissible levels may lead to subtle
neurological health effects in adults. The present research uses a translational nonhuman
primate model to assess neurophysiological changes after chronic exposure to DA near the
regulatory limit. Sedated electroencephalography (EEG) was used in 20 healthy adult female
Macaca fascicularis, orally administered 0.075 and 0.15 mg DA/kg/day for nearly 1 year. Paired
video and EEG recordings were cleaned, and a Fast Fourier Transformation was applied to
EEG recordings to assess power differences in frequency bands from 1-20 Hz. When DA
exposed animals were compared to controls, power was significantly decreased in the delta
band (1-4 Hz, p<0.005) but significantly increased in the alpha band (5-8 Hz, p<0.005), and
theta band (9-12 Hz, p<0.01). The power differences were not dose dependent, related to the
duration of DA exposure, or subtle clinical symptoms of DA exposure (intention tremors).
Alterations of power in these bands have been associated with a host of clinical symptoms,
such as deficits in memory and neurodegenerative diseases, and ultimately could provide new

insight into the subclinical toxicity of chronic, low-dose DA exposure on the adult primate brain.

Keywords: Domoic acid; electroencephalography; nonhuman primate; chronic exposure; power

spectrum density
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3.2 Introduction
Over the past several decades, a rapidly changing global environment has led to

increasing algal blooms worldwide (Wells et al., 2020). While some blooms may not impact
human or wildlife health, other blooms contain algal toxins that can cause health effects in
mammalian species (Backer and Miller, 2016; Berdalet et al., 2015; Grattan et al., 2016b). One
algal toxin of emerging concern is domoic acid (DA), a small, excitatory amino acid produced by
marine algae in the genus Pseudo-nitzschia.

DA is a glutamate receptor agonist that primarily binds with high affinity to 2-amino-3-
hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA) and kainic acid (KA) type receptors and
causes typical glutamate excitotoxity (Debonnel et al., 1989; Stewart et al., 1990). Its toxicity
was not documented until 1987, when a mass poisoning occurred, afflicting over 100 people
with seizures, memory loss, and death (Cendes et al., 1995; Perl et al., 1990a, 1990b). At high
levels, DA targets the temporal lobe, with gross neurotoxicity (necrosis and vacuolization)
observed in the hippocampus, thalamus, and amygdala (Carpenter, 1990; Cendes et al., 1995).
In subacute studies, DA induces status epilepticus in rats when administered 1 mg/kg/h ip for 3-
5 hrs (Muha and Ramsdell, 2011; Tiedeken and Ramsdell, 2013). DA has also been associated
with an elevated risk of developing adult epilepsy or spontaneous seizures in naturally exposed
sea lions (Ramsdell and Gulland, 2014). In these models, there is extensive neuronal damage,
possibly attributable to the injury during seizures. Additionally, a number of reports detail that
chronic exposure to very low levels (below the current regulatory limit) of DA is associated with
memory deficits in humans (Grattan et al., 2018, 2016a).

Current regulatory limits in North America close fisheries at 20 ppm DA in shellfish, thus
constraining environmentally relevant exposures (Wekell et al., 2004). This threshold was
estimated from the DA level that caused the first clinical symptoms in humans (~200 ppm) with

a 12-fold safety factor (Perl et al., 1990b). Estimates suggest that, with the 20 ppm limit for
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shellfish, an adult consumes 0.075-0.1 mg DA/kg bodyweight per meal of seafood (Marién,
1996; Toyofuku, 2006). Since 1987, there has been no documentation of acute human DA
toxicity, but environmental factors are changing today’s oceans. In the last 30 years, there has
been an increase in the frequency, severity and duration of toxic algal blooms, including DA
blooms (McKibben et al., 2017; Wells et al., 2015a). These changing DA algal bloom dynamics
could lead to more frequent exposures to levels of DA at or below the current regulatory limit.

While seizures and other abnormal limb activities after DA exposure have been well
documented in acutely exposed laboratory and wildlife animals alike (Dakshinamurti et al.,
1991; Fuijita et al., 1996; Iverson et al., 1989; Ramsdell and Gulland, 2014; Tryphonas et al.,
1990b), it remains unclear if lower level exposures to DA may have effects on
neuroelectrophysiology. In the present investigation, we used electroencephalography (EEG) in
a cohort of adult, female Macaca fascicularis chronically exposed to 0.075 and 0.15 mg
DA/kg/day to investigate the effects of DA on the power spectrum of neuroelectric activity
measured by EEG.

EEG signals reflect the total amount of neuroelectric activity generated in the cortex, with
contributing noise from the skull, scalp, dura, and surrounding electrical interference. Power is a
guantitative EEG (QEEG) measure that originates from the signaling of large, pyramidal neurons
in the cortex, hippocampus and amygdala (Kirschstein and Kéhling, 2009) and uses the Fast
Fourier Transformation to describe the strength of the signal at a given frequency, and
frequencies are often divided into bands, which typically include delta (1-4 Hz), theta (5-8 Hz),
alpha (9-12 Hz), and beta (13-20 Hz). Dramatic increases in power are frequently observed in
epilepsy, but, in silent epilepsy and absence seizures (i.e. petit mal seizures), these increases
can be mild and within normal parameters (Clemens et al., 2000). Alternatively, discordant
changes in bands can be indicative of psychiatric disorders, neurodegenerative disease, or the
engagement of specific tasks, such as in memory and learning challenges (Harmony, 2013;
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Newson and Thiagarajan, 2019). Thus, even subtle changes in EEG bandpower may be
indicative of larger neuroelectrical aberrations. The goals of this study were to employ
noninvasive EEG methods in sedated animals to evaluate differences in EEG bandpower after

chronic exposure to DA near the human regulatory limit.

3.3 Methods

Animals and Study Protocol
For this study, a subset of 20 adult female Macaca fascicularis were selected from the

cohort described in Burbacher et al., 2019. Age ranged between 6 and 11 years (mean: 7
years), and weight ranged between 2.8 and 4.8 kg (mean: 3.5 kg). Animals were singly housed
in stainless steel cages, which provided visual and grooming contact with an adjacent animal, in
the Infant Primate Research Center at the Washington National Primate Research Center.
Room temperature was maintained at approximately 24°C, with a 12-hour light-dark cycle. All
animals were fed Purina Monkey Chow twice daily and were supplied with regular
environmental enrichment that included fresh fruit and vegetables, frozen foraging treats, and
cereals, grains, and other treats. Animal protocols strictly adhered to the Animal Welfare Act
and the Guide for Care and Use of Laboratory Animals of the National Research Council and
protocols were approved by the University of Washington Institutional Animal Care and Use
Committee.

Original study procedures and exposure monitoring protocols are described in detail in
Burbacher et al. (2019). In brief, animals were exposed to either 0 (n=7), 0.075 (n=6), or 0.15
(n=8) mg/kg DA/day via an oral solution of 5% sucrose water for 306 to 596 days (mean: 429.6
+ SEM: 22.7), during which all but one female conceived and delivered a single infant (see
Supplement 2.1). Testers performed clinical assessments at least 3x/week to track animal’s

ability to visually orient and track a small piece of fresh produce, and then fully extend an arm to
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retrieve the treat. During the reaching task, hand/arm tremors were recorded as either present
or absent. Testers were blind to the animal’s assignment and maintained an 80% reliability with

the primary tester.

Experimental Design
All adult females underwent three sedated EEGs, for a total of 60 recordings. EEGs

were conducted in the morning. The first and second EEGs were recorded 1.5 hours post
dosing, and the third EEG was recorded 24 hours post-dosing. Each EEG occurred a minimum
of 3 days apart, to assure the animal was fully recovered before undergoing sedation again.
Animals were sedated for EEGs with 4 mg/kg im Telozol®, a combination of tiletamine and
zolazepam (Zoetis Services LLC, Parsippany, NJ, USA), and monitored until fully sedate. Once
sedated, animals were removed from the homecage and brought to a quiet testing suite for EEG
acquisition. Females were prepped and closely monitored throughout EEG acquisition, as

described below.

EEG Procedures and Acquisition

EEGs were acquired using an Avatar EEG 4000 Series Recorder (Avatar EEG Solutions

Inc., Calgary, AB, Canada), equipped with eight 6-mm gold electrodes. Electrode cables were
braided together to minimize sources of noise and cleaned with an alcohol wipe before each
use. After the subject was fully sedated, the head was shaved and cleaned with alcohol, before
applying electrodes with Ten20 conductive paste (Weaver and Company, Aurora, CO, USA) in
approximation to the international 10-20 system locations F3/F4, T3/T4, P3/P4. A reference
electrode was applied in the center of the head, and a ground electrode was applied to the left
mid-back. Electrodes application was typically achieved within 15 minutes of sedation. All EEG

sessions were paired with video monitoring to ensure that any movement during the session
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would be removed during preprocessing. EEGs were recorded for a minimum of 20 minutes or
until the animal was waking from sedation. All impedances were kept below <100 kQ and were
checked at the beginning of the session and at least once during the session after electrodes
had settled. Once the recording was complete, all electrode paste was removed, and the animal

was returned to her homecage and monitored until fully awake.

EEG Processing and Power Calculation
Recordings were processed and analyzed in Matlab using the FieldTrip toolkit and a

standardized method to analyze power from EEG recordings (Oostenveld et al., 2011; “Time-
frequency analysis using Hanning window, multitapers and wavelets,” 2013). To minimize
differences in sedation state, a 2-3-minute window was identified in all recordings at the same
time post administration of the sedative (24 minutes post-injection). Once this window was
identified, EEG recordings were synced with the paired video, and any segment with noticeable
head movement, large facial movement (e.g. yawning), or electrode wire movement were
removed from the recording, using the ft_databrowser function. Two independent, blinded
testers reviewed each recording for epileptic and spike activity. After checking for epileptic
activity, recordings were converted into Matlab files and preprocessed with ft_preprocessing to
remove higher order trends from the data. Recordings were then divided into 1-second
segments, and the ft_rejectvisualartifact graphical user interface was used to visually inspect
the variance of each segment. Any segment outside of the normal variance in that recording
was removed from further analysis. Whole recordings were excluded if: 1) the animal was
resistant to sedation or 2) if more than 25% of total time was removed from the EEG. For each
animal, the first EEG recording that met these criteria was used for analysis. All recordings from

a single animal in the control group was rejected due to a lack of sedation on all 3 EEG
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recordings. Thus, the animals included in the analysis were 6 control animals, 6 in the 0.075
mg/kg group, and 8 in the 0.15 mg/kg group.

After preprocessing, recordings were unblinded and then band pass filtered at 50 Hz to
remove harmonics. Timeseries data were segmented into 1-second epochs. Absolute and
relative power (% of total power observed in each frequency) was calculated with FieldTrip
function ft_freqganalysis using a Hanning window and with multitapered Fast Fourier

Transformation, yielding power values expressed in 1 Hz frequency bands from 1-50 Hz.

Statistical Analysis

To understand if exposure to DA affected the distribution of power, FieldTrip’s
ft_fregstatistics function was used. This uses nonparametric Monte Carlo simulation with a two-
tail correction to estimate the significant probabilities of difference in power distributions
between dose groups. The two-tailed alpha was set at 0.05, and distributions were compared at
each channel and frequency from 1-50 Hz.

To compare frequency bands that have previously been shown to be affected by DA,
three tests were conducted in R (R Core Team, 2018) using data averaged across the entire
primate head. Frequency bands of interest included delta (1-4 Hz), theta (5-8 Hz), alpha (9-12
Hz), and beta (13-20 Hz). First, to assess if any exposure to DA affected power, a two-sample t-
test was used to compare the total average power in each band of the control animals and the
exposed animals. A Bonferroni correction was applied to the p-values from the four bands of
interest. Secondly, a repeated measures ANOVA was used to assess whether the DA effects
observed on the total average power in each band were dose dependent. Finally, a Spearman
correlation was used to assess the association between tremor scores and power in the bands

of interest, with tremor score as the ranked predictor variable. Differences were considered
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significant only when the coefficient confidence interval did not include 0 and the Bonferroni

adjusted p-value was less than 0.05

3.4 Results
After artifact removal and visual inspection of the EEG recordings, 13 of the 60 total

EEGs were excluded, primarily due to an animal’s lack of sedation during the recording (see
exclusion criteria above). Overall, recordings were clean, without many artifacts, and amplitudes
were low, as expected for sedated recordings (Supplement 3.2). No epileptic or spike activity
was identified on any recording. On two recordings from one control animal, we captured
distinct electrooculographic (EOG) artifacts across multiple sessions, which, to the best of our
knowledge, have not been documented in this species before (Supplement 3.3). When
observed, the EOG artifact occurred simultaneously on all channels. Notably, paired video-
capture did not show any signs of body movement or eye blinking, but only displayed subtle,
closed-eyelid movements.

Unsurprisingly and likely due to volume conduction across the small primate head,
power distributions across all animals were highly similar on all electrodes on the same side of
the head, and somewhat similar between each hemisphere (Fig. 3.1). Using a Monte Carlo
simulation to compare the absolute and relative power spectrum between exposed and control
groups across all frequencies, we found that there were no significant differences in the overall
distributions between dose groups (p>0.05) (Fig. 3.1).

The results of the t-test examining the total average power in each band indicated that
there were significant differences between the DA exposed and control groups for all bands
except the beta band (delta (1-4 Hz) adjusted-p= 0.005, theta (5-8 Hz) adjusted-p =0.002, alpha
(9-12 Hz) adjusted-p=0.009, beta (13-20 Hz) adjusted-p=0.53, see Fig. 3.2). The results of the

follow-up analysis, assessing the dose-response relationship, did not indicate that the DA
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exposure effects were dose dependent for any of the bands (repeated measures ANOVA,
p=0.43, F=0.87, see Fig. 3.3). The results of the final analysis did not indicate a significant
relationship between tremor scores and power for any of the bands (p>0.1, all tests, see Fig.

3.4).

3.5 Discussion

Domoic acid (DA) is a common marine algal neurotoxin that is becoming more
widespread under changing oceanic conditions (Wells et al., 2020). It is well documented that
acute exposure to DA (>1 mg/kg) can cause seizures and epilepsy (Cendes et al., 1995; Fuijita
et al., 1996; Gulland et al., 2002; Teitelbaum et al., 1990) and increased
electroencephalography (EEG) power in all frequencies have been documented in humans, sea
lions, and rodents after acute DA exposure (Cendes et al., 1995; Fujita et al., 1996; Gulland et
al., 2002; Teitelbaum et al., 1990). Despite these clear effects at high levels, there is presently
little research regarding changes in EEG following long-term exposure to DA at levels near the
human regulatory limit (0.075-0.1 mg/kg). Recent evidence from human and animal models
suggests that chronic, low-level DA exposure may be related to other subtle neurological
changes in motor responses and challenges with regular daily activities (Burbacher et al., 2019;
Grattan et al., 2018, 2016a; Lefebvre et al., 2017).

The present research used EEG to assess chronic, low-level neuroelectric power effects
in the nonhuman primate model, Macaca fascicularis, exposed to 0.075-0.15 mg DA/kg/day.
Results from a power spectrum analysis demonstrated that animals exposed to DA have
decreased power in the delta band and increased power in the alpha and theta bands. No DA
effects were observed in the high frequency beta band. These changes in electrophysiology
were not dose dependent or related to clinical symptomology (intention tremors) previously

reported in some of the DA exposed females. Proportionately, animals with the highest median
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power in delta had the lowest median power in all other bands and tended to be in the control
group (n=5/10). Similarly, animals with the lowest median delta power had the highest median
power in other bands, and most were exposed animals (n=8/10).

EEG power is a quantitative measure that reflects the action and signaling of large,
pyramidal neurons in the cortex, hippocampus and amygdala (Kirschstein and Kéhling, 2009).
Power can be divided into several frequency bands, each related to many different cognitive
and neurological functions. The delta band is comprised of brain oscillations from the slowest
frequency band in the EEG assessment and typically ranges from 0-4 Hz, and dominates deep
sleep and basic homeostatic resting states (Basar et al., 1999; Knyazev, 2012). Delta also
reflects most inhibitory responses of functional processing (Herrmann et al., 2016). Theta is
comprised of oscillations in the 5-8 Hz range, and alpha ranges from 9-12 Hz. These two closely
connected bands are often connected to memory and cognition, but frequently operate in
opposite directions during tasks (i.e. when one increases, the other decreases) (Herrmann et
al., 2016; Klimesch, 1999). Beta rhythms are between 13 and 20 Hz and have been linked to
sensory and motor tasks and processing. While each band is often known for specific
processing tasks, broad spectral changes across several bands have been identified as
collectively reflective of performance on memory and learning tests (Finnigan and Robertson,
2011) and many psychiatric disorders (Newson and Thiagarajan, 2019), even during resting
states. DA exposed macaques had decreased delta power in EEGs, and increased power in the
theta and alpha bands. Decreases in low frequency power have been observed in
neurodegenerative diseases, including Parkinson and Alzheimer’s disease (Bosboom et al.,
2009; Poza et al., 2007); whereas increases in higher frequencies have been linked to
psychiatric disorders, such as depression (Hinrikus et al., 2009).

These findings bear careful interpretation, because it is not clearly evident how the
different power bands are translated across individuals and across species. Previous EEG

73



research in Macaca fascicularis suggests that most resting EEG activity lies in the delta band,
which aligns with our findings (Authier et al., 2009). In humans, however, resting-state EEG
power is much more broadly distributed across bands (Hooper, 2005). Additionally, we used a
sedative that contains two active ingredients: tiletamine, a relative of ketamine, and zolazepam,
a benzodiazepine. These two sedatives interact with the NMDA and GABA pathways,
respectively, and are not known to cause changes in the lower frequency oscillations (Choi,
2017). However, benzodiazepines are used to treat seizures and, in high, sedative doses,
benzodiazepines result in excessive activity in the beta band (Van Lier et al., 2004). While we
did not observe any seizure-like spikes or discharges in DA exposed females, any seizure-like
activity may have been suppressed under sedation. Still, all sedation effects were balanced
between dosed and control animals; so, while sedation likely had some effects on the results
reported here, the observed differences are notable and necessitate further investigation.

The results of the present study collectively suggest that chronic exposure to DA near
the current human regulatory limit may result in subtle changes in EEG, possibly reflecting
changes in pyramidal neurons. While the functional effects of these EEG changes are not
evident from the current study, continued research efforts should focus on how chronic ingestion
of real-world levels of DA may be related to neurophysiological and other neurological changes

in human populations across the globe.
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Figure 3.4: Mean distributions of power spectral densities. Shows the group mean power spectral density across all frequencies for each channel
on the EEG recording. Inset shows the position of each channel on the head.
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Figure 3.7: Power associations with tremor. Shows plots of the tremor scores against the total power density in each frequency band of
interest, by dose group. No significant relationships were observed between tremor scores and power in any band.
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3.9 Supplemental Data

Supplement 3.1: Individual Animal Characteristics and Outcomes

Subject Dose Weight Age Days Exposed Days Exposed in | Days Exposed Total Days
(mg/kg/day) (kg) (years) Pre-Pregnancy Pregnancy Post Pregnancy Exposed
1 0 3.24 6.36 194 168 213 575
2 0 3.58 6.35 118 162 255 535
3 0 3.62 5.87 N/A N/A 252 596
4 0 3.38 7.23 109 172 95 376
5 0 2.84 7.02 85 151 127 363
6 0 3.58 6.96 82 151 167 400
7 0 3.12 6.21 93 163 163 419
8 0.075 3.80 11.12 99 161 95 355
9 0.075 4.83 6.37 214 159 207 580
10 0.075 3.19 7.06 233 170 10 413
11 0.075 3.41 6.69 108 167 124 399
12 0.075 3.11 6.32 84 155 112 351
13 0.075 3.08 5.94 103 155 48 306
14 0.15 4.00 10.35 79 155 87 321
15 0.15 3.46 6.52 197 170 203 570
16 0.15 3.77 6.40 232 156 197 585
17 0.15 3.26 7.12 87 160 105 352
18 0.15 2.96 7.09 135 163 71 369
19 0.15 3.06 7.03 99 159 72 330
20 0.15 3.72 6.53 217 162 19 398
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4.1 Abstract
Domoic acid (DA), a potent glutamate agonist, is produced by marine algae and can

bioconcentrate in finfish and shellfish. Current regulatory limits constrain environmental
exposures to this toxin to 20 ppm in shellfish tissue (~0.075-0.1 mg/kg), but changing
environmental conditions are leading to more frequent and longer lasting DA algal blooms.
Further, recent studies suggest that chronic DA exposure, at levels below this limit, is
associated with deficits in memory in adults. To understand how low-level, chronic exposure to
this toxin impacts the limbic system of the brain, the present study used magnetic resonance
imaging (MRI) and histopathology to assess changes in the hippocampus, thalamus, fornix,
fimbria, and internal capsule in a nonhuman primate model. Twenty-eight adult, female Macaca
fascicularis were orally exposed to 0.075 and 0.15 mg/kg/day for up to two years. A subset of
these females (n=12) underwent a single, sedated MRI scan in vivo, to assess volumetric and
tractography changes in the hippocampus, thalamus, and connecting white matter tracts, and all
animals were necropsied to evaluate the cellularity and morphology of the neurons, astrocytes,
and microglia in these regions. MRI and histopathology evaluations did not suggest signs of
overt neuropathology, but revealed that some animals, especially in the 0.15 mg/kg/day DA
exposure group, expressed focal microglia reactions within both white and gray matter
structures of the limbic system. These results suggest that chronic exposure to levels of DA
near the human regulatory limit does not lead to acute neuropathic effects but may induce
microglial responses and promote neuroinflammatory pathways in a nonhuman primate model

of contemporary human exposure to DA.

Keywords: domoic acid, microglia, histopathology, volumetric analysis, tractography, chronic

exposure,
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4.2 Introduction
Domoic acid (DA), a marine algal neurotoxin found in shellfish and finfish, is an agonist

of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainic acid (KA) type
glutamate receptors (Debonnel et al., 1990; Hampson and Manalo, 1998). At high doses (>50
mg), glutamate excitotoxicity occurs primarily in the hippocampus and surrounding temporal
lobe structures (Carpenter, 1990; Novelli et al., 1992; Tryphonas et al., 1990a). In human
poisoning cases, these regions exhibit neuronal death, widespread neuronal atrophy, neuropil
vacuolization, and injury associated astrogliosis (Carpenter, 1990; Cendes et al., 1995). This
pattern of acute neurotoxicity is similarly observed in native sea mammals as well as
experimental rodent and primate animal models (oral exposures: >60 mg/kg in rodents, >0.75 in
monkeys) (lverson et al., 1989; Silvagni et al., 2005; Tiedeken et al., 2013; Tryphonas et al.,
1990b, 1990a, 1990c). Humans are exposed to DA through the consumption of contaminated
shellfish and finfish, and regulatory limits of 0.075-0.1 mg/kg/day DA were established in the
early 1990s to protect people from acute toxic exposures (>0.5 mg/kg) (Toyofuku, 2006; Wekell
et al., 2004).

Since these regulations were put in place, high dose exposures have been largely
mitigated. Yet today, people are at heightened risk of lower DA exposures because of increases
in the severity, duration, and extent of toxin laden algal blooms worldwide (Berdalet et al., 2015;
Trainer et al., 2020). Recent compelling evidence has suggested that repeated exposure to DA
near the current regulatory limit results in clinical neurotoxic effects in humans and animal
models (Burbacher et al., 2019; Grattan et al., 2018, 2016a; Lefebvre et al., 2017). While the
neuropathology associated with high-dose exposure has been well-described, very little is
known about neurotoxic injury at lower levels of exposure. In an early study examining the effect
of low-level DA oral exposure (0.5-0.75 mg/kg DA for up to 30 days), no signs of neurotoxic

injury were observed in 3 adult, female cynomolgus macaques (Truelove et al., 1997). Results
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from a larger study, in which a cohort of female cynomolgus monkeys (h=32) were exposed to
0.075-0.15 mg/kg/day throughout a breeding, pregnancy, and postpartum period, identified
increases in intention tremors when animals were performing a reaching task (Burbacher et al.,
2019). In vivo diffusion tensor imaging (DTI), a type of magnetic resonance imaging (MRI), in a
subset of animals from this primate cohort showed that DA-tremors were related to decreased
white matter integrity in the fornix and internal capsule (Petroff et al., 2019). These two white
matter tracts are part of key circuits in the limbic system. The fornix originates in the
hippocampus, where it stems from a collection of white matter fibers (the fimbria), and
terminates in several areas, including the thalamus (Lovblad et al., 2014; Meng et al., 2014).
The internal capsule carries a multitude of white matter tracts, with the majority being
sensorimotor inputs that connect to the thalamus (Schmahmann et al., 2004). DTI
measurements capture the movement of water in tissue and is used to model the major white
matter tracts in the brain (Beaulieu, 2002). Alterations in DTI, thus, can indicate direct changes
in myelin or alternatively represent a neuroinflammatory response in the white matter (Werring
et al., 2000), but DTI cannot pinpoint the underlying histopathology contributing to the
alterations.

The present manuscript expands on our previous MRI findings from this primate cohort
with assessments of volume, tractography modeling of white matter connectivity, and
histopathological changes in key gray (hippocampus and thalamus) and white (fornix/fimbria
and internal capsule) matter regions associated with DA toxicity. The goal of these studies was
to identify the underlying morphological changes associated with the DTI findings reported from
earlier studies of adult nonhuman primates chronically exposed to levels of DA near the human

regulatory limit (Burbacher et al., 2019; Petroff et al., 2019).
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4.3. Methods
Animals

Adult female fascicularis macague monkeys between 5.5-11 years of age (mean: 7
years) and 2.8-4.2 kg in body weight (mean: 3.5 kg) were enrolled in the original study designed
to assess the reproductive and neurodevelopmental effects of exposure to low-level DA
(Burbacher et al., 2019). Animals were singly housed in stainless steel caging equipped with
metabolic pans and a wide mesh that provided daily contact with an adjacent social partner in
the Infant Primate Research Laboratory at the Washington National Primate Research Center
(WaNPRC) in Seattle, WA, USA. The room was maintained 24 + 4°C on a 12-hr light/dark
schedule. Animals were given Lab Diet High Protein Monkey Diet (St. Louis, MO, USA) biscuits
2x/day, regular environmental enrichment (fresh and frozen fruit, vegetables, cereals, toys,
puzzle balls etc.) daily, and provided filtered water ad libitum. All research protocols strictly
adhered to the guidance of the Animal Welfare Act and the Guide for Care and Use of
Laboratory Animals of the National Research Council and were approved by the University of
Washington Institutional Animal Care and Use Committee.

Observers were experimentally blinded to the exposure conditions of the macaques and
employed positive reinforcement techniques to train animals to drink out of a syringe to allow for
controlled dosing of DA or vehicle control. Following training, animals underwent a baseline
period of assessment designed to asses clinical signs of toxicity prior to starting daily oral
exposure of 0 (n=10), 0.075 (n=11), or 0.15 (n=11) mg/kg of DA (BioVectra, Charlottetown, PE,
Canada) in 5% sucrose water. Animals continued to be assessed 3-5x per week throughout a 2-
month pre-breedingperiod, a 1-8-month breeding period, a 6-month pregnancy, and a 2-12-
month postpartum period. Exposure ceased postpartum for 8 animals, and for 24 animals
dosing continued until necropsy (Table 4.1). In all animals, behavioral assessment continued at

least 3x/week until necropsy.
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MRI Acquisition
Twelve animals representing the 6 highest tremoring, DA-dosed animals and 6 non-

tremoring control animals were selected for the MRI study. Animals were sedated with ketamine
(5-10 mg/kg im) and atropine (0.04 mg/kg im) and then intubated and maintained on inhaled
sevoflurane (0.8 - 2.5%) and 100% oxygen. Vitals (including heart rate and saturated oxygen)
were closely monitored throughout the scan. MRI scans were acquired during a single, ~1 hr
long scan using a T3 Philips Scanner (version 5.17) with a custom made 8-channel rf head coil
that was developed and optimized for the nonhuman primate head by Dr. Cecil Hayes at the
University of Washington Department of Radiology.

The 3-D, high-resolution, T1-weighted MPRAGE images were acquired using a multishot
turbo field echo (TFE) pulse sequence and an inversion prepulse (1,151 ms delay); repetition
time (TR)/echo time (TE) = 14 s/7.1 ms; 130 axial slices; acquisition matrix 208 x 141 x 130;
acquisition voxel size 0.48 x0.53 X1.0 mm; reconstructed voxel size 0.39 x 0.39 x 0.5 mm; slice
over sample factor = 2; sense factor = 2 in the foot-head direction; turbo factor = 139; number of
signaling averages = 1; TFE shots = 65, and acquisition time = 3 min 14 s. Diffusion weighted
images were acquired with the following parameters: spin-echo echo-planar pulse sequence
with diffusion gradients, repetition time 5500 ms, echo time 77.98 ms, reconstructed matrix
128x128, number of slices 44, resolution/voxel size 0.78x0.78x1.5mm, 64 different diffusion
weighted directions and one non-diffusion volume at Blip right, b value 1500, 5 different diffusion
weighted directions and one non-diffusion volume at Blip left, which where compatible with
FSL’s (FMRIB Software Library v6.0) topup and eddy software (Andersson and Sotiropoulos,

2016).

MR Image Processing and Analysis

T1 Image Processing: In FSL, FLIRT (FMBIR'’s Linear Image Registration Tool,

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) was used to co-register all T1 images from the
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animals and atlas to a single target brain (Jenkinson et al., 2012). The buildtemplate and
WarplmageMultiTransform command from ANTs (Advanced Normalization Tools), were used to
co-register all T1 images in common space (Avants et al., 2011), along with a labeled Macaca
mulatta T1 atlas (Rohlfing et al., 2012). Labeled atlases were then inverse transformed into the
original space of the 12 individual animals, using nearest-neighbor options. In individual space,
FSLmaths was used to extract each region of interest (ROI) from the induvial atlases. ROls
included the left and right hippocampus (HIP) and thalamus (THA) (Fig. 4.1). ROI volumes were
extracted using FSLstats and exported for statistical analysis in R (R Core Team, 2020).

Diffusion Tensor Image Processing: Diffusion images were processed using FSL's
topup software and FSL's eddy software to minimize distortion from eddy currents and head
motion (Andersson et al., 2003; Smith et al., 2004). The FSL program, dtifit

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT), was used to reconstruct the diffusion tensor for each

voxel, and the matrix was diagonalized to obtain tensor eigenvalues, L1, L2, L3. ANTs’s
buildtemplate (Avants et al., 2011) was used to co-register individual FA maps to a target brain.
Seed points were hand drawn in the HIP and THA in the viewing system, FSLeyes, and masks
of the common space seed points were inverse transformed into original space. Using these
seed points, probtrackx in FSL was used to generate probabilistic diffusion tractography, for
assessing connectivity between the HIP and THA (Behrens et al., 2007).

MRI Analysis and Statistics: Volumes from each brain ROl were exported to R.
Comparisons of volume were conducted based on 1) control vs. DA-exposed, using a t-test, 2)
DA dose, using a one-way ANOVA, and 3) tremor score, using linear regression. Because
exposures were low, the first comparison was chosen to maximize statistical power to detect
more subtle effects. For each comparison, a Bonferroni correction was applied to the p-values
to account for the multiple comparisons made for the number of brain regions assessed.
Differences were considered significant if corrected p-value was <0.05.
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Connectivity between the HIP and THA was compared using FSL software randomise, a
method that uses 500 random permutations and threshold-free cluster enhancement (TFCE) to
correct for multiple voxel comparisons (Smith and Nichols, 2009; Winkler et al., 2014).
Permutations were used to compare connectivity between groups based on: 1) control vs. DA-
exposed animals, 2) DA-dose, and 3) tremor scores. Any significant alterations in connectivity,

as identified with a p-value of <0.05, were visually identified in the brain as a cluster in FSLeyes.

Tissue Collection

The 12 animals selected for MR, plus 16 additional macaques, for a total of 28 animals
were used for histopathology (control: n=8; 0.075 mg/kg/day: n=11; 0.15 mg/kg/day: n=9).
Animals were fasted for 12 hrs and sedated under 20 mg/kg ketamine, before transportation to
the necropsy room at the WaNRPC. Sedated animals were euthanized with an intravenous
overdose of sodium pentobarbital, as per the AMVA Panel on Euthanasia recommendations
(Leary et al., 2020). Euthanasia was confirmed and the brain quickly excised from the skull. The
brain was bisected along the midsagittal plane. ROIs, including the HIP and THA, were
identified by a certified veterinary pathologist. From the left hemisphere, dissected tissue was
sliced into small, approximately 3 cm sections (representing 1-3 sections/ROIl), placed in a 2 ml
cryostat tube, immediately frozen in liquid nitrogen, and stored at -80°C. Matching sections from
the contralateral hemisphere were immersion fixed in 10% formalin. Sections were processed

through a graded series of ethanol and embedded in paraffin.

Tissue Preparation, Histology, and Immunohistochemistry

Formalin-fixed, paraffin-embedded sections, including the HIP, THA, fornix/fimbria, and

internal capsule from 28 animals, were serial sectioned at 10 um. Two control animals and 2
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high dose animals were excluded due to differences in tissue collection. Sections were
deparaffinized in xylene and rehydrated in distilled water.

For histology, sections were stained for general cellularity with Hematoxylin and Eosin
(H&E), for neurons with the Nissl stain and cresyl violet (CV), and for myelin with Luxol Fast
Blue (LFB). For LFB, sections were incubated overnight at 57°C with 0.1% LFB solution
(Rowley Biochemical Inc., Danvers, MA, USA) followed by a rinse with 95% alcohol, then
distilled water, and differentiated with 0.05% lithium carbonate (Poly Scientific, Bay Shore, NY,
USA) and 70% alcohol. Sections were counterstained with CV (Poly Scientific, Bay Shore, NY,
USA) to detect neurons. All sections were dehydrated through graded ethanol, cleared in
xylene, and coverslipped.

For immunohistochemistry, endogenous peroxidase was blocked using 3% H»0;
followed by heat-induced epitope retrieval using a 10mM citrate buffer solution, pH 6.0, in a
Decloaker® pressure chamber (Biocare Medical, Concord, CA, USA) for 15 min at 110°C. In
cleared sections, non-specific sites were blocked using 10% normal goat serum (Jackson
Immunoresearch, West Grove, PA, USA) for 20 min at ~23°C (RT) and an avidin/biotin blocking
kit (Vector Laboratories, Burlingame, CA, USA). To identify microglia, sections were incubated
with rabbit monoclonal anti-ionized calcium binding adaptor molecule 1 (Iba-1) (1:2000; (Cat#
019-19741, Lot# CAL0291, Wako Chemicals USA, Inc., Richmond, VA, USA) for 60 min at RT
followed by incubation with biotinylated goat anti-rabbit IgG antibody (1:300; Vector
Laboratories, Burlingame, CA, USA) 30 min at RT. To identify astrocytes, sections were
incubated with an antibody to the structural protein, glial fibrillary acidic protein (GFAP), rabbit
anti-GFAP (1:7000, Cat# X0936, Lot# 200256262, Dakocytomation Corporation, Carpinteria,
CA, USA), for 30 min at RT then incubated with biotinylated Goat anti-rabbit IgG (Vector-
Laboratories) at a 1:500 dilution. Antigen-antibody complexes were visualized with a Vectastain
Elite ABC R.T.U. label, (Vector Laboratories, Burlingame, CA, USA) and 3,3-diaminobenzidine
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(Dako, Carpinteria, CA, USA). Iba-1 negative controls were stained with normal rabbit 1gG
(1:400; Calbiochem/EMD Millipore, Billerica, MA, USA), and GFAP negative controls were
stained with rabbit immunoglobulin fraction (solid phase adsorbed) control (Dakocytomation
Corporation, Carpinteria, CA, USA). All immunohistochemistry sections were counterstained

with hematoxylin.

Microscopy
Sections were scanned under 40x magnification using an Aperio ScanScope AT2 DX

System (Leica Biosystems Imaging Inc., Buffalo Grove, IL, USA) and viewed using Aperio
ImageScope v.6.25.0.1117. The HIP (including CA1-4 and dentate gyrus), THA, fornix, fimbria,
and internal capsule were identified using the Macaca mulatta BrainMaps labeled atlas
(“BrainMaps: An Interactive Multiresolution Brain Atlas”; Mikula et al., 2007). These regions
were selected to include the white matter tracts previously found by MRI to have decreased
structural integrity. In this atlas, the hippocampus coordinates were identified on coronal
sections as A0.4-A15.0, at 27.5-36.5 mm deep, and 8.5-21.5 mm from the midsagittal plane.
The fornix coordinates were P1.7-A16.1, at 16-30 mm deep and 0-16.5 mm from the midsagittal
plane. The internal capsule coordinates were A1.3-A20.6, at 15-26.5 mm deep and 3.5-20 mm
from the midsagittal plane. Additionally, white matter of the fornix or hippocampal fimbria was
evaluated for myelin tract connection to the HIP. Atlas coordinates for fornix connections to the
hippocampus were A0.4-A0.6 and for fimbria connections were A0.9-A12.0 on stained slides.
The fornix and fimbria were visually differentiated by the corresponding shape of the dentate
gyrus and surrounding CA1-4 regions.

Sequential slides were examined for signs cellular changes using an approach
progressing from the 4x, 10x, to the higher 40x magnification. Morphological indications of

neuronal death were noted with changes in H&E and CV. Disruptions in myelin tracts were
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assessed with LFB. Microglia and astrocyte responses to perturbations were assessed with Iba-
1 and GFAP immunostaining. These stains were used to corroborate any signs of neuronal
death or changes in myelin, as well as to identify unique foci of reactive glia. Histopathology was
examined using non-tremoring controls as the standard for the species. A summary of

histopathological outcomes is detailed in Table 4.2.

4.4 Results

MR Volume and Tractography
MR T1-weighted images from 6 controls and 6 DA-exposed animals (0.075 mg/kg/day:

n=2; 0.15 mg/kg/day: n=4) were used to calculate volume of key gray matter structures
associated with DA toxicity, including the hippocampus and thalamus. Probabilistic DTI
tractography was used to model dense white matter tracts between the thalamus and
hippocampus and associated histological changes (Fig. 4.1). Mean right hippocampal volumes
for the control group was 393.4 mm £14.3, 385.8 mm +12.5 for exposed animals; left
hippocampal volume was 402.6 mm £15.8 for the controls and 381.0 mm %15.6; right thalamic
volume was 496.1 mm £14.8 for the controls and 513.8 mm £17.9 for the exposed; and left
thalamic volume was 501.2 mm +18.3 for the control and 515.8 mm + 20.2 for the exposed
animals. Results from the volumetric analyses did not indicate significant differences in total
cellular volume in either the left or right hemisphere of these gray matter structures comparing
DA-exposed and control animals (adj. t-test, p>0.05). In addition, no significant differences were
observed comparing the different DA dose groups and controls (ANOVA, adj. p>0.05). Finally,
the results of the linear regression examining the association between volumetric outcomes and
tremor scores did not indicate a significant association between the two outcomes (adj. p>0.05)
(Table 4.3). DTI tractography, a measure of the strength and direction of the white matter fibers

between the hippocampus and thalamus was assessed using a threshold clustering permutation
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to compare differences between exposures, dosed animals, and tremor scores. Comparisons
suggested that the strength and direction of the white matter fiber tracts between these
structures were similar across dose groups and when comparing tremoring and non-tremoring

animals (p>0.05).

White Matter Histology and Immunohistochemistry

Histological examination of the fornix/fimbria and internal capsule was conducted on 28
animals, including the 12 MRI animals, plus 16 additional monkeys (control: n=8; 0.075
mg/kg/day: n=11; 0.15 mg/kg/day: n=9). None of the animals showed evidence of cell death,
alterations in staining for myelin, or reactive responses of astrocytes or microglia. H&E staining
showed a normal pattern of staining with no evidence of eosin+ cells indicative of cell death
within the myelin tracts. LFB staining of distinct myelin tracts indicated no overt disruption
indicative of de- or dys-myelination. Staining density was similar across all animals for each
region. Staining of the smaller processes projecting from the tract showed no evidence of
reduced myelin or disorganization. Astrocytes within the white matter showed a normal
morphological pattern characterized by small cell bodies with processes aligned with the
myelinated fibers (Oberheim et al., 2009, 2006). No evidence of astrocytic hypertrophy was
observed suggesting the absence on an underlying cell injury response.

In 2 DA-exposed animals (1 in the 0.075 and 1 in the 0.15 mg/kg/day group) and 1
control, there were focal Iba-1+ microglia reactions in the white matter tracts of the internal
capsule, fornix, and fimbria (Fig. 4.2). The reactions in these three animals spanned an area of
approximately 200 um. The clusters of glia cells were characterized by increased branching and
thickening of processes, with evidence of individual cells shifting to an ameboid morphology.
Another DA exposed animal in the 0.15 mg/kg/day group displayed a more expanded reaction

area of microglia in the fornix, fimbria, and internal capsule which was characterized by an
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increase in the number of cells that showed enhanced process density and fragmentation (Fig.
4.3). Within the sections examined, there was no indication of localized cell death as observed
by H&E and Nissl stains. In addition, the focal areas of microglia activation were not

accompanied by changes in astrocytes.

Histological Examination of Gray Matter Regions

Histological examination of the hippocampus and thalamus showed no evidence of cell
death in most animals (control: 8/8 animals; 0.075 mg/kg/day: 11/11; 0.15 mg/kg/day:7/9). For
these animals, the staining pattern and cellular distribution observed with Nissl staining and
H&E was similar across animals, with no indication of eosin+ cells (Fig. 4.4). GFAP+ astrocytes
within the grey matter regions showed anatomical differences as compared to white matter. The
cell morphology was characterized by larger cells with a more sheath-like morphology as
compared to those observed in the white matter, consistent with what has been observed in
human tissue (Oberheim et al., 2006; 2009). Within each region, the overall astrocyte
morphology was similar across animals (Table 4.1).

Two high dose DA animals, who both had some of the highest tremor scores,
demonstrated signs of more extensive neuropathological responses with evidence of an active
glial reaction accompanied by infiltration of small perivascular mononuclear cells (Fig. 4.5). The
observed injuries did not appear to rely on continued DA exposure, as one animal was removed
from DA exposure for 221 days prior to necropsy, while the other animal continued on DA until
necropsy. The characteristics of the glia responses, however, were slightly different between the
two animals. With cessation of DA exposure, astrocyte hypertrophy and increased process
density of microglia were observed. Further examination of this animal suggested that the lesion
observed was likely not due to DA exposure but rather represented a tumor. In the animal with

continued DA exposure, the prominent response was in the microglia with evidence of an
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amoeboid morphology suggestive of active phagocytosis and the possibility of an underlying cell
death.

Disperse morphological responses of Iba-1+ microglia were noted in five other DA-
exposed animals, including 2 monkeys in the 0.075 mg/kg/day group and 3 in the 0.15
mg/kg/day group. In one low-dose DA animal, a focal response was observed in the thalamus.
In a second low-dose DA animal, a focal response was observed in an area adjacent to the
thalamus, the nucleus accumbens. In the high dose DA group, morphological responses of
microglia were observed in one animal in the subgranular zone of the dentate gyrus and in the
thalamus of two additional animals (Fig. 4.6). The responses followed two morphological
patterns: focal reactions (<200 um large, with increased branching, thickening processes) or
reactions >200 um suggestive of a more dispersed response. In all cases, there were no
indications of cell death as detected by H&E or CV nor associated histological changes in

GFAP+ astrocytes.

4.5 Discussion

Acute neurotoxicity associated with high dose DA exposure is typically characterized by
neuronal death in the hippocampus (Carpenter, 1990; Chandrasekaran et al., 2004; Colman et
al., 2005) that is accompanied by seizure activity and disrupted memory processing (Cook et al.,
2015; Grant et al., 2010; Perl et al., 1990b; Ramsdell and Gulland, 2014). Initial studies after the
1987 poisoning demonstrated that these effects are replicated across naturally exposed sea
lions and laboratory models (rodents and nonhuman primates), with gross histopathological
damage in much of limbic lobe, including the hippocampus, and a wealth of behavioral
symptoms, such as hind-limb scratching, confusion, and seizures (lverson et al., 1989; Scholin
et al., 2000; Tryphonas et al., 1990b). Acute exposures with in vitro neuronal cultures and

mammalian models suggest that high levels of DA cause glutamate toxicity and overexcitation,
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resulting in necrotic cell death and astrogliosis (lverson and Truelove, 1994; Stewart et al.,
1990; Vieira et al., 2015). In vivo toxicity is paired with a persistent activation of microglia for up
to three months post-exposure following a single iv dose of DA (0.75 mg/kg in rats) (Ananth et
al., 2003). In feral sea lions exposed to high levels of DA, clinical symptoms (e.g. seizures,
epilepsy, memory loss) have also been associated with decreased white matter integrity of the
fornix and increased structural white matter connectivity between the thalamus and
hippocampus (Cook et al., 2018, 2015). These types of structural integrity changes in MRI can
be related to direct effects on the myelin sheath, underlying axons, or reflect ongoing
neuroinflammation (Werring et al., 2000).

While high dose studies are essential for understanding the basic mechanism of toxicity,
experimental work with lower levels of DA are more representative of contemporary human
exposures. The current regulatory limit caps human exposures at 20 ppm in shellfish, or 0.075-
0.1 mg/kg. DA administered at these low levels does not cause necrotic death in cerebral
neuronal cultures, but instead induces the production of reactive oxygen species, leading to lipid
peroxidation and apoptosis (Giordano et al., 2013, 2006). In a long-term study with mice
exposed to lower levels of DA for at least 22 weeks (0.75 mg/kg ip 1x/wk), researchers did not
observe overt pathology in the neurons or astrocytes of the hippocampus, but microglia were
not assessed (Lefebvre et al., 2017; Moyer et al., 2018). These mice also expressed deficits in
learning and memory (Lefebvre et al., 2017), similar to results from human studies. In a cohort
of adults in tribes on the coast of Washington state, deficits in memory were linked with higher
consumption of DA contaminated shellfish (>15 clams/month) (Grattan et al., 2016a). Continued
investigation demonstrated that even adults consuming higher amounts of clams in the previous
10 days had more reported problems with everyday memory, suggesting that repeat exposure
to DA levels below the current regulatory limit may be linked to functional neurotoxicity in adults
(Grattan et al., 2018).
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Recent work from the present authors used a nonhuman primate model designed to
assess the reproductive and offspring neurodevelopmental effects of daily exposure near the
current regulatory limit of DA (0.075 and 0.15 mg DA/kg/day). A previous study using nonhuman
primates orally exposed to 0.5-0.75 mg/kg/day DA for up to 30 days did not report signs of overt
toxicology in macaque monkeys (Truelove et al., 1997). However, reports from the study that
provided the animals for the current research indicated that daily oral exposure to 0.075-0.15
mg/kg/day DA for over a year resulted in subtle behavioral signs of neurotoxicity: intention
tremors when preforming a reaching task (Burbacher et al., 2019). To better understand the
neurological underpinnings of these tremors, additional studies using MRI were conducted on a
subset of these animals. Results from these MRI studies found that intention tremor severity
was associated with decreases in the integrity of internal capsule and fornix major white matter
tracts, thus mirroring some of the sea lion MRI findings (Petroff et al., 2019).

In the present study, additional MRI analyses and histopathological examinations of
these animals were used to assess the macro and microscopic changes in these white matter
tracts and the major gray matter structures associated with DA toxicity. Exposure to 0.075 and
0.15 mg DA/kg/day for nearly two years in the nonhuman primate model did not result in overt
MRI or histological evidence of demyelination or atrophy in the hippocampus and thalamus,
confirming that chronic, lower level exposure to DA does not give rise to acute neuronal
damage. In the absence of overt demyelination or cell death, the previously reported decreased
structural integrity in the fornix and internal capsule may be linked to a neuroinflammatory
response. Within the nonhuman primate model, neuroinflammatory responses associated with
structural changes are likely to be evident in morphological responses of glia. Microglia, the
primary immune cell of the brain, may manifest changes in morphology that are reactive to
changes in the surrounding environment and cell damage (Colonna and Butovsky, 2017; Kono
and Rock, 2008).
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The majority of the control and low DA dose macaques in the present study had normal
myelin and neuronal cells in the regions examined (controls: 8/8 animals, 0.075 mg/kg: 10/10,
and 0.15 mg/kg: 7/9), in agreement with previous literature examining chronically exposed
rodents (Lefebvre et al., 2017; Moyer et al., 2018), and further indicating that previously
observed structural integrity differences are suggestive of a neuroinflammatory response.
Indeed, of the animals showing evidence of morphological alterations that were not overt, the
predominant histological change was a focal response of microglia (controls: 7/8 animals, 0.075
mg/kg: 7/10, and 0.15 mg/kg: 4/9). This observation was noted more frequently in high dosed
animals and in animals showing clinical tremors, including those high tremoring animals that
had a recovery period after DA exposure for nearly 1 year. Additionally, focal microglia
responses were observed most frequently in the highest tremoring animals, regardless of dose
or length of time of exposure. The focal responses observed in some of the DA-exposed
animals likely reflect microglia activation due to responses to the presence of proinflammatory
cytokines, in the absence of robust neuropathology (Harry and Kraft, 2008).

The present research has identified increased microglia responses in a major neuronal
circuit that is frequently impaired in memory disorders and is comprised of many white matter
fibers that conduct both cognitive and motor processes (Aggleton et al., 2010; Aggleton and
Brown, 1999, Morecraft et al., 2002). The authors were unable to determine if focal glia
reactions are indicative of a protective effect or a neurotoxic response to DA, thus, the
underlying implication of this finding bears further investigation (Biber et al., 2014). No other
study has assessed oral exposures to this toxin at levels near to the human regulatory limit, so
translating these results to contemporary human health scenarios may be difficult. Despite
these limitations, even subtle effects observed in this nonhuman primate model may have
profound importance for human health, given the high degree of translation and the similarity of
exposure levels. Overall, the data suggest that exposure of nonhuman primates to levels of DA
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near the current human regulatory limit may cause alterations in neural circuity and that
additional research is needed to more fully explore the long-term effects of such dietary

exposure.

Conclusion

Today, people are at heightened risk from DA exposure due to shifting climatic patterns
that are triggering record breaking, long-lasting DA-algal blooms (McCabe et al., 2016; Zhu et
al., 2017). In the present nonhuman primate model, chronic, oral exposure to DA near the
current regulatory limit produced clinical signs of neurotoxicity (tremors) and altered the integrity
of specific white matter tracts in the brain (Burbacher et al., 2019; Petroff et al., 2019). Results
from the current study demonstrate that these exposure-related effects occurred in the absence
of overt neuropathology in the hippocampus and thalamus. Changes in microglia responses,
however, highlight the possible role of neuroinflammation in DA exposure effects. These data
reveal the complex nature of DA neurotoxicity at environmentally relevant levels of exposure
and support the need for continued research on this emerging neurotoxin and its effects on the

mammalian brain.

Additional Research Opportunities
Additional frozen and formalin preserved samples from the brain and most major organs
are available for future collaborative research opportunities for interested parties. Please contact

the corresponding author if you are interested in receiving samples.
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4.8 Tables and Figures

Table 4.1: Animal Characteristics and Pathology Outcomes

Animal Dose Weight | Age |Total Dosing n tremors observed Time Postdosing | n tremors observed Pathology
Number [(mg/kg/day) (kg) | (years) | Time (days) | /n sessions during dosing (days) /n sessions postdosing
1 0 3.98 7.33 724 0.02 0 None
2 0 3.62 5.87 717 0.11 0 1 focal microglia reaction in internal capsule
3 0 3.24 6.36 678 0.02 0 None
4 0 3.58 6.35 653 0.03 0 None
5 0 3.12 6.21 477 0.06 0 None
6 0 2.84 7.02 469 0.64 0 None
7 0 3.58 6.96 454 0.04 0 None
8 0 3.38 7.23 448 0.06 0 None
9 0.075 4.83 6.37 604 0.18 0 1 focal microglia reaction in thalamus
10 0.075 3.19 7.06 436 0.37 0 1 microglia reaction in nucleus accumbens
11 0.075 3.41 6.69 420 0.26 0 None
12 0.075 3.33 7.07 392 0 0 2 focal microglia reactions in fornix/fimbria
13 0.075 3.11 6.32 385 0.4 0 None
14 0.075 3.80 11.12 371 0.29 0 None
15 0.075 3.03 5.98 322 0.36 176 0.37 None
16 0.075 3.08 5.94 321 0.18 0 None
17 0.075 3.05 6.48 268 0.08 216 0.13 None
18 0.075 4.69 6.72 259 0.02 302 0.06 None
19 0.075 3.46 6.71 221 0 355 0 None
20 0.15 3.77 6.40 612 0.68 0 2 microglia reactions in SGZ and fornix/fimbria
21 0.15 3.46 6.52 598 0.25 0 None
22 0.15 3.72 6.53 428 0.11 0 1 focal microglia reaction in thalamus
23 0.15 4.00 10.35 413 0.3 0 None
24 0.15 2.96 7.09 392 0.8 0 Focal, active neuronal death in thalamus
25 0.15 3.26 7.12 371 0.01 0 None
26 0.15 3.06 7.03 343 0.03 0 None
27 0.15 4.22 5.53 294 0.59 231 0.66 Widespread microglia reaction in fornix/fimbria, internal capsule, and thalamus
28 0.15 3.56 7.72 268 0.76 221 0.6 Extensive, older lesion in thalamus

Bolded indicates animals selected for MRI.
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Table 4.2: Outcomes of Interest

Assessment

Brain Region

Signs of Neurotoxicity

MRI: Brain Volume

MRI: Tractography

H&E
LFB
v
GFAP
Iba-1

Hippocampus and thalamus

White matter between hippocampus and thalamus (including
fimbria, fornix, and internal capsule)

Hippocampus, thalamus, fimbria, fornix, and internal capsule
Fimbria, fornix, and internal capsule

Hippocampus and thalamus
Hippocampus, thalamus, fimbria, fornix, and internal capsule

Hippocampus, thalamus, fimbria, fornix, and internal capsule

Neuronal atrophy (decreased volume)

Structural connectivity changes (increased or decreased clusters in
tractography model)

Dead cells (eosin+)

Demyelination (decreased LFB)

Fewer neurons (decreased CV)

Astrocyte reactivity (increased processes number and density)

Microglia reactivity (increased microglia density, ameboid cell
body, blebhing, fragmentation, increased process number and
density, increased irregulatities)
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Table 4.3: ROl Volumes

Animal Dose Right Left

Number |(mg/kg/day) Hippofa mpus Hippocampus Right Thalamus | - Left Thalamus

1 0 413.1 419.7 478.2 477.4

3 0 355.4 359.4 482.6 483.6

4 0 378.8 382.8 491.0 503.1

5 0 346.9 358.1 440.5 432.3

7 0 436.2 434.8 540.0 538.7

8 0 429.8 460.7 544.4 572.2

Mean 3934 402.6 496.1 501.2

SEM 14.3 15.8 14.8 18.3

11 0.075 399.2 394.1 511.7 517.6

13 0.075 413.5 401.2 585.2 605.3

20 0.15 340.2 325.6 478.5 477.3

21 0.15 404.4 404.3 498.7 502.0

23 0.15 411.8 428.0 538.2 542.4

24 0.15 345.7 332.6 460.2 450.2

Mean 385.8 381.0 513.8 515.8

SEM 125 15.6 17.9 20.2
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Figure 4.1: MRI tracings of the hippocampus and thalamus. Shows the hippocampus (yellow) and thalamus (blue) regions masks used for
volumetric analyses and tractography seed points.
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Fimbria Fornix Internal Capsule
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Figure 4.2: Normal pathology in the white matter tracts. Shows the staining of Luxol Fast Blue (LFB), hematoxylin and eosin (H&E), anti-glial
fibrillary acidic protein (GFAP), and anti-ionized calcium binding adaptor molecule 1 (Iba-1) in representative a control and high dose animal across
the fimbria of the hippocampus, the fornix, and internal capsule. Images are represented at 40x magnification. Scale = 20 um.
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Figure 4.3: White matter microglia reactions. Shows the staining of Luxol Fast Blue (LFB), hematoxylin
and eosin (H&E), anti-glial fibrillary acidic protein (GFAP), and anti-ionized calcium binding adaptor
molecule 1 (Iba-1) in a representative control and high dose animal demonstrating either focal microglia
reactions (LEFT) or disperse microglia reactions (RIGHT). No signs of cell death were suggested by
adjacent slides in the H&E images. Images are represented at 40x magnification. Scale = 20 um.
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Figure 4.4: Normal pathology in the gray matter. Shows the staining of hematoxylin and eosin (H&E), cresyl violet (CV), anti-glial fibrillary acidic
protein (GFAP), and anti-ionized calcium binding adaptor molecule 1 (Iba-1) in representative control and high dose animals across the dentate
gyrus of the hippocampus, the CA1 region of the hippocampus, and thalamus. Images are represented at 40x magnification. Scale = 20 um.
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Figure 4.5: Overt pathology in the gray matter. Shows the staining of anti-ionized calcium binding adaptor molecule 1 (Iba-1), anti-glial fibrillary
acidic protein (GFAP), and hematoxylin and eosin (H&E) from two separate 0.15 mg/kg/day demonstrating cell death in the thalamus. LEFT: Active
phagocytosis of dying cells occurring. RIGHT: Morphology representing a tumor and abnormal cell development. TOP: Images are represented at

20x magnification. BOTTOM: Images are represented at 40x magnification and scale = 20 um.
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Figure 4.6: Gray matter microglia reactions. Shows the staining of hematoxylin and eosin (H&E), cresy!
violet (CV), anti-glial fibrillary acidic protein (GFAP), and anti-ionized calcium binding adaptor molecule 1
(Iba-1) in a representative control and high dose animal demonstrating two different morphology observed
in focal microglia reactions. No signs of neuronal death were suggested by adjacent slides in the H&E
and CV images. Images are represented at 40x magnification. Scale = 20 um.
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Chapter 5: Conclusions and Future Directions
5.1 Dissertation Summary
Domoic acid (DA) is a naturally occurring, marine algal toxin and a potent human

neurotoxin. While there is presently a regulatory limit constraining human exposure to this toxin
(20 ppm in shellfish or approximately 0.075-0.15 mg/kg) (Marién, 1996; Toyofuku, 2006; Wekell
et al., 2004), this limit may not be adequately protective. Studies of frequent shellfish consumers
have reported deficits in memory that impact everyday life (Grattan et al., 2018, 2016). These
effects are significant, but other neurological effects from chronic DA exposures near the
regulatory limit are not well studied.

Previous research from our lab used a cohort of Macaca fascicularis monkeys to study
the reproductive and offspring neurodevelopmental effects of chronic, oral exposure to 0.075
and 0.15 mg DA/kg/day (Burbacher et al., 2019). Exposure to DA at these low levels resulted in
clinical symptoms of neurotoxicity in adult animals, with exposed monkeys demonstrating
intention tremors when performing a reaching task. This dissertation describes studies using
this cohort of monkeys to address the neurological effects of low-level, chronic exposure to DA,
by using multimodal neurological tools, including magnetic resonance imaging (MRI),
electroencephalography (EEG), and histopathology. MRI and EEG experiments were conducted
concurrently, after monkeys had been exposed to DA daily for over a year, and histopathology
was assessed postmortem, after approximately 2 years of exposure.

First, as detailed in Chapter 2, in vivo, global brain analyses were conducted using MRI
to locate injury associated with DA exposure and tremors. DA causes atrophy and lesions at
high doses in the hippocampus, amygdala and thalamus (Teitelbaum et al., 1990), and tremors
have been linked to damage in the cerebellum, thalamus, frontal cortex, sensory cortex, and
motor cortex (Brittain and Brown, 2013; Louis, 2014; Muthuraman et al., 2015). Initial MRI

analyses in this dissertation were aimed at evaluating the association of DA exposure and
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tremor severity by 1) locating any signs of brain lesions, 2) assessing global white matter
structural changes, and 3) evaluating neurochemical changes that have been linked to global
brain damage. These assessments showed that DA exposed, tremoring animals did not have
gross brain lesions, and neurochemistry was indistinguishable when comparing control and DA-
exposed animals. Tremor severity, however, was significantly related to clusters of decreased
fractional anisotropy (FA), a measure of white matter integrity, primarily in the fornix and internal
capsule. Additionally, there was small, but significant correlation between tremor severity and
increased lactate in the thalamus.

The fornix is the primary white matter tract that connects fibers from the hippocampus
and fimbria of the hippocampus to the thalamus and other structures in the brain (Christiansen
et al., 2016). The internal capsule is the key white matter tract that carries fiber bundles from the
spinal cord to the thalamus and motor cortex (Morecraft et al., 2002). These two key white
matter structures are connected to areas of the brain previously associated with both DA
exposure effects as well as cases of human tremors; but this MRI measure for white matter
integrity can be indicative of several different biological responses to injury. Specifically,
decreases in integrity have been associated with decreases in the axons or myelin or an
increase in glia cells as in injury responses (Werring et al., 2000). Further, the increase in
lactate observed with increasing tremor scores has also been linked to changes in glia in the
brain. We hypothesized that because there were no other alterations in global MRI measures,
the observed changes were most likely linked to changes in glia cells. Alteration in glia could be
due to an underlying response to toxic assault, but further investigation was needed to assess
glia responses and other cellular impacts within the affected regions found in these global
assessments (see Chapter 4).

Chapter 3 outlines studies designed to assess functional neuroelectric changes after DA
exposure. DA is a known epileptogen and can lead to seizures and gross neuronal damage
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(Teitelbaum et al., 1990), and tremors can be an inidcator of early signs of seizures or epilepsy
(Authier et al., 2019). Previous research has identified spectral changes in neurophysiology in
cases of DA-induced epilepsy (Sawant et al., 2010). These changes can be observed with
power, a quantitatve measure from EEGs that reflects the degree of signal generated across the
brain. Sedated EEG power was compared between DA exposed animals and controls as well
as based on observed tremors. Results suggested that power was differentially altered due to
DA exposure, but alterations were not dose-dependent or related to tremor scores. Exposure to
DA was associated with increased power in the lowest power band (delta, 1-4 Hz), but
increased power in other bands (alpha, 5-8 Hz; theta, 9-12 Hz). While these alterations in power
were not related to our clinical outcome (intention tremors), observed changes may still have
broad implications, considering animals were sedated during EEG. Even small alterations in
power have been associated with a variety of different emotional activities (Knyazev, 2007),
memory functions, and other cognitive processes (Cavanagh and Frank, 2014; Harmony, 2013),
as well as neurological disease states (Newson and Thiagarajan, 2019). The difference
observed may be suggestive of subtle changes in neurosynaptic function after chronic DA
exposure in vivo.

In Chapter 4, follow-up MRI techniques and postmortem histopathological assessments
were used to better understand the underlying pathology and cellular changes from the global
results presented in Chapter 2. Altered white matter integrity in the fornix and internal capsule
may also affect associated gray matter regions, including the hippocampus and thalamus.
Tractography was used to assess the white matter connectivity (i.e. axons and myelin) between
these two gray matter structures, and volumetric analyses were used to assess any neuronal
cell-body death that could result in decreased axons. All additional MRI analyses did not
suggest that axons, myelin, or neurons were structurally disturbed after long-term exposure to
DA. Histopathological examination of the neurons, myelin, and glial cells in these regions further
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supported this finding and did not suggest that the white matter structural integrity alterations
associated with DA were due to changes in neurons, axons, or myelin. Interestingly, small focal
reactions of microglia, the primary immune cell of the brain, were found to be more prevalent in
DA exposed animals than in control animals. Previous work has shown that low levels of DA
can lead to the production of reactive oxygen species (Giordano et al., 2013), which can
promote neuroinflammatory pathways and recruit microglia (Kono and Rock, 2008). Other glia,
including astrocytes, did not appear to be affected by low-level exposure to DA. These findings
suggest that the decreased integrity in white matter macrostructure may be connected primarily
with changes in glia, which could be linked with neuroinflammation, but not neuronal cell death

or changes in axons/myelin structure (Fig. 5.1).

5.2 Conclusions

The collective work from this dissertation indicate that levels of DA near the current
human regulatory limit do not cause overt neuroinjury in a nonhuman primate model, but do
cause subtle, neurotoxic effects that can impact the structure, physiology, and cellular response
in the brain. These aberrations were observed in white and gray matter structures within circuits
that include fibers that connect to key DA targets in the brain, including the hippocampus and
thalamus, and damage in these tracts has been associated with anterograde amnesia, the key
symptom from acute DA exposure (Aggleton and Brown, 1999). The underlying link to changes
in brain regions associated with memory function is concerning, given that recent human
evidence suggests that chronic exposure to DA in adults is connected with clinically meaningful
decreases in everyday memory function (Grattan et al., 2018). Altogether, findings from this
dissertation suggest that DA exposure in the nonhuman primate model, even at levels that are
currently safe for human consumption, is linked to neurotoxic effects in key regions of the brain

associated with memory and motor function.
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5.2 Future Research
Additional studies are necessary to understand the underlying mechanism of low-level

chronic exposure to DA and how the present findings translate to vulnerable populations (i.e.
young children or aged adults). While there are some in vitro studies assessing the mechanism
of neurotoxicity of low-level DA exposure, there is presently a highly limited body of evidence
from in vivo laboratory models and human epidemiological cohorts linking contemporary DA
exposures to health effects. Some models suggest that there are significant neurological effects,
but the mechanism associated with the functional effects reported is presently unknown
(Grattan et al., 2018, 2016; Lefebvre et al., 2017; Moyer et al., 2018). This is of particular
concern to communities that are chronically exposed to DA, such as those in coastal Native
Nations in Washington state (Boushey et al., 2016). Continued research is needed to further
protect vulnerable population from toxic effects associated with DA exposure. Finally, current
regulatory limits should be re-examined with all of this information at hand, to best protect the

health of vulnerable populations exposed to this common marine contaminant.
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Figure 5.1: Astrocyte and microglia involvement in low-level DA toxicity. Adapted from Figure 1.2, this shows the proposed involvement of glia
cells in the neurological response to low-level and chronic DA toxicity. Astrocytes are essential in the glutamate-glutamine cycling and will uptake
excess glutamate from the synapse. Microglia are responsive to ROS production and apoptosis and may help reduce neuroinflammation.
Overactive microglia may also be responsible for the induction of continued neuroinflammation, which can lead to long-term and persistent effects.
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