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Abstract

The consumption of one meal of seafood containing domoic acid (DA) at levels high
enough to induce seizures can cause gross histopathological lesions in hippocampal regions of
the brain and permanent memory loss in humans and marine mammals. Seafood regulatory limits
have been set at 20 mg DA/kg shellfish to protect human consumers from symptomatic acute
exposure, but the effects of repetitive low-level asymptomatic exposure remain a critical
knowledge gap. Recreational and Tribal-subsistence shellfish harvesters are known to regularly
consume low levels of DA. The aim of this study was to determine if chronic low-level DA
exposure, at doses below those that cause overt signs of neurotoxicity, has quantifiable impacts
on cognitive function. To this end, female C57BL/6NJ mice were exposed to asymptomatic
doses of DA (= 0.75 mg/kg) or vehicle once a week for several months. Spatial learning and
memory were tested in a radial water maze paradigm at one, six and 25 weeks of exposure, after
a nine-week recovery period following cessation of exposure, and at three old age time points
(18, 24 and 28 months old). Mice from select time points were also tested for activity levels in a
novel cage environment using a photobeam activity system. Chronic low-level DA exposure
caused significant spatial learning impairment and hyperactivity after 25 weeks of exposure in
the absence of visible histopathological lesions in hippocampal regions of the brain. These
cognitive effects were reversible after a nine-week recovery period with no toxin exposure and
recovery was sustained into old age. These findings identify a new potential health risk of
chronic low-level exposure in a mammalian model. Unlike the permanent cognitive impacts of
acute exposure, the chronic low-level effects observed in this study were reversible suggesting
that these deficits could potentially be managed through cessation of exposure if they also occur

in human seafood consumers.



1. Introduction

Domoic acid (DA) is a neurotoxic amino acid that is naturally produced by some species
of diatoms of the genus Pseudo-nitzschia found in phytoplankton communities in oceans
throughout the world (Bates, 2000; Lundholm and Moestrup, 2000; Marchetti et al., 2008;
Martin et al., 1990). During harmful algal blooms (HABs) of toxigenic Pseudo-nitzschia, DA
can accumulate in filter-feeding fish and shellfish making them unsafe for consumption by
marine mammals and humans (Scholin et al., 2000; Todd, 1993). Current evidence suggests that
HABEs in general are increasing in magnitude and frequency globally as oceans continue to warm
(Moore et al., 2008; Van Dolah, 2000). In 2015, an unprecedented coastwide toxic Pseudo-
nitzschia bloom was linked to a warm water anomaly that spanned the west coast of North
America resulting in large scale closures of razor clam (Siliqua patula), rock crab (Cancer
anthonyi, C. antennarius, and C. productus) and Dungeness crab (C. magister) fisheries in
multiple states (McCabe et al., 2016). Record-breaking levels of DA were detected in coastal
food webs and seafood resources resulting in devastating economic losses and ecological damage
(McCabe et al., 2016).

Domoic acid was first recognized as a seafood toxin in 1987 when over 100 people
became ill after consuming DA-contaminated mussels (Myfilus edulis) harvested near Prince
Edward Island in Canada (Perl et al., 1990). The condition was termed amnesic shellfish
poisoning (ASP) and symptoms included gastrointestinal distress, confusion, disorientation,
seizures, permanent short-term memory loss, and in the most severe cases death (Perl et al.,
1990). In the aftermath of this event, a seafood safety regulatory limit was set at 20 mg DA/kg
shellfish (Marien, 1996). The regulatory limit was based on the lowest level of DA reported to

cause observable toxic effects from mussel consumption in the Canadian event (1 mg DA/kg



body weight) and oral dose studies with primates where effects were not observed at 0.5 and 0.75
mg/kg body weight doses, but clinical effects were observed at 1 mg/kg body weight doses
(Iverson et al., 1990; Marien, 1996; Wekell et al., 2004). The acute reference dose (AR{D) for
acute DA exposure was determined as 0.075 mg/kg by taking 0.75 and applying a safety factor
of 10. This limit was set to protect human health from acute toxicity in the context of one meal of
270 grams of clams in a 70 kg adult and includes a 10-fold safety factor to protect sensitive
individuals such as young, old, and health compromised (Marien, 1996). It does not take into
account consumption over multiple days, larger meal sizes, and/or potential effects of chronic
long-term low-level (below the regulatory limit) toxin exposure. Although the risks of acute
exposure to symptomatic doses of DA have been minimized by testing shellfish and regulating
harvests based on toxin loads (> 20 mg DA/kg shellfish = harvest closure), there are no
regulations in place for protection from long-term low-level repetitive DA exposure (< 20 mg
DA/kg shellfish = harvest open). The effects of chronic low-level asymptomatic exposure have
not been well studied and are of particular concern for coastal communities including
recreational and Tribal harvesters who regularly consume shellfish such as razor clams that are
known to retain low levels of DA in edible tissues for more than a year after HAB events
(Lefebvre and Robertson, 2010; Wekell et al., 1994). In a study with long-term whole animal
exposures to low asymptomatic doses of DA, zebrafish (Danio rerio) had altered gene
transcriptomes and impaired mitochondrial function in whole brains after nine months of weekly
exposures (Hiolski et al., 2014). Additionally, chronic low-level exposure did not confer
resistance to DA, but instead increased toxin sensitivity making the neurologic effects of

subsequent exposures more pronounced in chronically exposed animals (Hiolski et al., 2014).



In addition to human health risks, DA poisoning is a significant health risk for marine
mammals that is likely increasing as HABs increase. The first DA poisoning event documented
in marine mammals occurred in 1998 in Monterey Bay, CA when hundreds of California sea
lions (Zalophus californianus) stranded on beaches exhibiting signs of neurotoxicity in the form
of seizures, tremors and ataxia (Scholin et al., 2000). Over the last 18 years following the first
documented DA poisoning event in marine mammals, dozens to hundreds of sea lions continue
to be sickened each year with exceptionally high numbers in the most recent years (Bejarano et
al., 2008; McCabe et al., 2016). From 2010-2013, The Marine Mammal Center in Sausalito, CA
diagnosed an average of 64 & 21 sea lions per year with DA poisoning, while numbers rose to
over 200 in 2014 and 2015 (McCabe et al., 2016). Sea lions have served as a valuable sentinel
for human health and a mammalian model for the elucidation of mechanisms of DA toxicity with
natural environmental exposure. Acute toxicity as described above results from DA exposure
high enough to elicit outward signs of neuroexcitotoxicity such as seizures within hours after
exposure. A persistent toxicity syndrome has also been defined for neurologic effects that
continue long after an initial acute exposure and is characterized by episodic seizures and
permanent spatial memory loss (Cook et al., 2015; Goldstein et al., 2008; Muha and Ramsdell,
2011). As with humans, the effects of low-level repetitive exposure (levels below those that elicit
visible neurotoxic symptoms) have not been studied in marine mammals and are likely to impact
chronically exposed animals.

The objectives of this study were to determine if chronic asymptomatic DA exposure at
doses below those that cause the overt signs of neurotoxicity described above leads to underlying
health impacts in the mammalian system. To this end, female C57BL/6NJ mice were chronically

exposed to low asymptomatic doses of DA via intraperitoneal injection (IP) once a week



beginning at 3 months of age and examined at multiple time points for spatial memory and
learning as well as general activity levels and gross morphology in hippocampal regions of the

brain. Results of this study are applicable to both human and marine mammal health.

2. Methods
2.1. Test Animals

Eight-week-old male and female C57BL/6NJ mice were obtained from The Jackson
Laboratory and acclimated for four weeks. All mice were housed at the animal research facility
at the University of Washington and provided free access to a standard rodent diet (PicoLab®
Rodent Diet 20, Lab Diet, USA) and water ad libitum in a controlled environment with a 12-hr
light/dark cycle. Dose response assays were performed with male and female mice to determine
if there were sex differences in toxin susceptibility using scratching as a toxicological endpoint
(Tasker et al., 1991). Five IP doses were used to calculate 50% effective concentrations (EC50s)
for male and female mice for comparison of DA sensitivity (n = 4 mice per sex per dose). Sex
differences were not observed and female mice were chosen for subsequent long-term chronic
exposure experiments because females were easier to handle during injections. Additional eight-
week-old female C57BL/6NJ mice were purchased from The Jackson Laboratory and allowed to
acclimate for four weeks before long-term asymptomatic exposure studies began. Animal
handling and experimental procedures were performed in accordance with protocols approved by

the Animal Care and Use Committee at the University of Washington.



2.2. Quantification of Asymptomatic Exposure Doses

The target asymptomatic exposure dose was chosen based on EC50 values and results
from a pilot study where mice were injected weekly for six weeks with doses approximately 40%
of the EC50 to identify a dose that would not elicit overt signs of neurotoxicity after repetitive
exposure. All DA solutions were prepared from powdered DA (purchased from Tocris and from
Sigma Aldrich) dissolved in nanopure water and quantified via high performance liquid
Chromatography (HPLC) (Quilliam et al., 1989). Stock solutions were then diluted to target
concentrations in phosphate buffered saline (PBS), analyzed by HPLC to confirm target doses
and administered via IP injections of 200 pl in mice. Mice were weighed at all injections and

doses were quantified for all animals at all time points.

2.3. Chronic Exposure Experiments

Female C57BL/6NJ mice were IP-injected once a week with either PBS (control) or
approximately 0.75 to 0.82 mg DA/kg body weight from three months of age to nine months of
age (25 weeks of exposure). One cohort of mice was sampled at one week and six weeks (n=10
exposed, n=10 control) of exposure and a second separate cohort of mice was sampled at 25
weeks (n=20 exposed, n=20 control) of exposure and all were tested for spatial learning and
memory using a modified Barnes radial water tread maze (RWTM) (Pettan-Brewer et al., 2013).
Mice from cohort two that were tested at 25 weeks of exposure (n=20 exposed, n=20 control)
were also tested for activity level in a novel cage environment via an open field photobeam
activity system (PAS), then given a nine-week recovery period of no toxin exposure and retested
for spatial learning and memory via RWTM and novel cage activity via the open field PAS

(Figure 1A).



To determine if chronic exposure to low-levels of DA over an early adult lifespan affects
cognitive function in old age, a third cohort of mice were IP-injected weekly with PBS (control)
or approximately 0.75 to 0.80 mg DA/kg body weight from three months of age to 12 months of
age (36 weeks of exposure) and allowed to recover (no exposure) for six, 12, and 16 months
followed by tests for spatial memory and learning via RWTM at three old-age time points (18
months of age (n=21 exposed, n=22 control), 24 months of age (n=18 exposed, n=18 control)

and 28 months of age (n=9 exposed, n=7 control), respectively (Figure 1B).

2.4. Radial Water Tread Maze (RWTM)

A radial water tread maze (RWTM) was used to test spatial learning and memory in
chronically exposed and control mice. The RWTM is a modification of the Morris water maze
and the Barnes radial maze, both widely used to assess spatial learning and memory (Vorhees
and Williams, 2006). The RWTM apparatus consists of a 30-inch circular galvanized enclosure
with nine holes placed in the sides at regular intervals. Eight of the holes are decoys and one hole
leads to a dark, escape “safe box” with a warm heating pad, food and gel. All holes extend the
same distance before terminating or turning 90° to prevent direct visual determination of the
escape route. The tub is filled with one inch of room temperature water and has a bright light
positioned directly over the entire apparatus. The water and light provide the escape incentives
and the enclosure contains unique visual images and objects along the sides that function as
spatial cues for the animal.

Mice were tested individually and given four training days. During training days, mice
were placed in the center of the enclosure and required to find the escape route within a three-

minute interval. The escape route was the same for all mice for all training days. This was



repeated three times a day for the four consecutive training days. If successful, the animal was
allowed to stay in the warm safe box for one minute before entering the next training trial. If not
successful within three minutes, mice were hand-guided to the correct exit and allowed to stay in
the safe box for one minute before entering the next training trial. Mice were then tested for
spatial learning and short-term memory on day five and long-term memory on day 12 by placing
individual mice in the center of the enclosure three times and allowing three minutes to find the
correct escape route. If not successful on test days, mice were not guided to the correct escape
route. Failure or escape success was recorded as well as the time taken to successfully escape
within three minutes.

Control (n = 10) and chronically exposed (n = 10) mice in cohort one were tested at one
and six weeks of exposure (Figure 1A). The spatial cues and escape port were changed between
the 1 and 6 week RWTM experiments to create a novel learning environment for these mice. A
second cohort of control (n =20) and chronically exposed (n = 20) mice were tested at 25 weeks
of exposure and then again after a nine week recovery period with no DA exposure. The spatial
cues were not changed between RWTM tests for these mice in order to determine if mice
retained spatial memory after nine weeks. Finally, to determine if long-term early life low-level
DA exposure impacts cognitive function with age, a third cohort of mice were chronically
exposed once a week for approximately nine months from three months of age to one year of age
(Figure 1B). The mice were then maintained without toxin exposure for six, 12, and 16 months
before RWTM testing at three old age time points 18 months, 24 months, and 28 months of age,
respectively (Figure 1B). The numbers of mice available for the old age time points were; n = 22
control and n = 21 exposed at 18 months, n = 18 control and n = 18 exposed at 24 months, and n

=7 control and n = 9 exposed at 28 months of age. The spatial cues were not changed between
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RWTM tests at 18 and 24 months of age time points to determine if spatial memory was
maintained after 6 months. Spatial cues were changed between 24 and 28 months of age RWTM

tests to create a novel learning challenge at the oldest age time point.

2.5. Open Field Photobeam Activity System (PAS)

Activity level in a novel environment was measured in chronically exposed and control
mice using the open field Photobeam Activity System (PAS) (San Diego Instruments, San
Diego, CA) in a standard sized mouse cage. This system records activity as a sum of photobeam
breaks set in XY grids (a total of 32 photobeams with one inch spacing per grid). Individual mice
were placed in the open field PAS and activity was measured as the sum of photobeam breaks in
a lower mobility grid (horizontal movement) and an upper rearing grid (vertical movement) for a
five-minute period on three consecutive days. All data were recorded by San Diego Instruments
Software and exported to Microsoft Excel. Mean total activity levels (defined as the sum of all
movements that interrupted a photobeam during a 5-minute interval on three consecutive days
for each individual mouse) were compared using t tests and Prism software with p values set at
<0.05. Control (n=20) and chronically exposed (n =20) mice were tested via the open field
PAS at 25 weeks of exposure and then again after a nine week recovery period with no toxin

exposure (Figure 1A).

2.6. Brain Immunohistochemistry and Histology
Immunohistochemical examination was performed to determine if long-term
asymptomatic DA exposure caused visible damage in hippocampal regions of the brain. At 22

weeks of chronic low-level exposure, mice (n = 6 control; n = 7 exposed) were sedated and
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trans-cardially perfused with 1x ice-cold PBS, followed by 4% PFA (in PBS) for fixation. Brains
were extracted, post-fixed in 4% PFA for 3-4 hours, and transferred to 30% sucrose for
cryoprotection. Coronal sections were generated at 40 um thickness with a Leica CM3050 S
cryostat (Leica Biosystems), and stored at 4°C in 1x TBS (0.05% azide, preservative). Two
hippocampal sections (200 pm apart) per animal were processed free-floating and DAPI stained
for 10 min (Invitrogen D21490/DAPI-Fluoro- Pure Grade, 300 nM working solution), and
washed 3x with TBS. Tissues were mounted on superfrost/Plus slides (Fisherbrand), then
coverslipped (Slip-Rite #1.5 coverglass, Thermo Scientific) using Fluoromount-G (Southern
Biotech) and allowed to dry overnight before imaging. All sections were imaged on a Keyence
Biorevo BZ-9000 digital widefield microscope using a 40x/0.95 objective lens. To generate
images to measure hippocampal area, both hippocampal hemispheres were imaged at 20x; a
series of coarsely z-spaced (2 pm) stacks were tiled together to generate a merged and full-
focused ‘map’ of each entire hippocampal hemisphere. Imaris software was used to generate the
total number of surfaces within each field of view to determine total cell count based on DAPI
staining. Values for each of the four fields of view within an animal were summed to obtain a
grand total for each outcome within each animal. Hippocampal ‘map’ images (20x tiled/merged
images) were used to measure hippocampal areas (mm?) by hand-tracing in Image] (version
1.50g, NIH, USA). Total hippocampal area and subregion-specific areas (CA1l, CA3, DG) were
measured for both hemispheres within each section.

At the end of the old age RWTM experiments, heads including brain were collected from
28 month old mice at necropsy (n = 7 control; n = 9 exposed) and placed in 10% buffered
formalin for 48 hours, transferred to 70% alcohol, and subsequently decalcified and processed in

a standard manner into paraffin blocks for sectioning and hematoxylin and eosin staining.
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Histology slides were evaluated for toxicity and age-related lesions in an artifact-independent

manner using a geropathology grading platform (Ladiges, 2016).

2.7. Statistical Analyses

Comparisons of mean percent successful escape levels and escape times on five and 12
day memory tests for all RWTM experiments were tested for statistical significance via t tests
(p<0.05) using Prism software. F tests were conducted to test for equal variance and when
applicable non-parametric t tests were used with the Holm-Sidak method for correction for
multiple t tests. To determine if there were quantifiable differences in learning rates during the
four training days of RWTM experiments, the linear regression slopes of mean percent
successful escape levels over the four-day training period for control, 25 week-exposed and nine
week-recovery mice were compared. Generalized linear models with a Poisson distribution were
used to determine if the rate of change in percent success varied between each group (Zuur,
2009). The Poisson distribution is suitable for count or proportion data and accounted for
heteroscedasticity between groups (Zuur, 2009). A linear relationship was fit to the percent
success data because the limited number of data points would not adequately inform the more
complex models often used in other learning curve analyses (Yelle, 1979). These learning rate
analyses were conducted in the R programming environment (R Core Team,
2013). Comparisons of novel cage activity in the PAS at 25 weeks exposure and nine weeks
recovery were also tested for statistical significance via t test (p < 0.05) using Prism software.

All brain immunohistochemistry data were analyzed with JMP software (version 12.0.1,

SAS Institute, Inc.), and all data were confirmed to have equal variance and normal distribution
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before analyses. Differences in hippocampal cell counts between control and DA groups were

assessed by t test (p < 0.05).

3. Results
3.1. Dose response and Determination of Asymptomatic Exposure Dose

Dose-response assays were performed to determine if there were sex differences in toxin
susceptibility in order to choose the most visibly sensitive sex for long-term exposure
experiments. Four doses of 1.0 £ 0.05, 1.9+ 0.12,2.95 + 0.07, and 4.3 £ 0.1 (mean + sd) ug
DA/g body weight for males and 0.9 + 0.03, 1.9 £ 0.02, 2.9 £ 0.07, and 3.9 £ 0.08 (mean =+ sd)
ng DA/g body weight for females and a control were used to calculate EC50s (Figure 2). EC50s
for male and female C57BL/6NJ mice were the same and showed no visible sex differences in
susceptibility using hind limb scratching as a measure of affect (Figure 2). Consequently, female
mice were chosen for use in the remaining long-term asymptomatic exposure experiments. The
target asymptomatic exposure dose for long-term experiments was chosen as 0.75 mg DA/kg
total body weight based on EC50 values and results from a pilot study where repetitive weekly
doses of approximately 0.75 mg DA/kg did not elicit overt signs of DA toxicity (i.e. scratching,

tremors and/or seizures) over six weeks.

3.2. Spatial Learning and Memory Outcomes
Exposure to 0.82 = 0.06 mg DA/kg total body weight via a single IP injection (one week
exposure) and via six weekly IP injections (6 weeks exposure) did not elicit significant

differences in spatial learning (as measured via percent successful escape levels over the four
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training days) and short and long-term memory, as measured by mean percent successful escape
levels on day five and 12 test days, respectively, in the RWTM (Figure 3A and B). Mice at one
week of exposure (Figure 3A) had not experienced the RWTM before this experiment. The same
mice were tested at six weeks of exposure and although the RWTM spatial cues were changed to
create a new learning environment, the initial percent successful escape rate was higher (above
60%) and likely represents a familiarity with the RWTM spatial learning system. Mean percent
of successful escape times were not significantly different at one and six weeks of exposure
(Figure 3A and B).

Exposure to 0.75 + 0.5 mg DA/kg total body weight via IP injection for 25 weeks did
elicit significant spatial learning and memory impairment as measured by percent successful
escape levels during training days and percent successful escape levels on short term (day five)
and long term (day 12) memory test days in the RWTM (p < 0.01; Figure 3C). These mice from
cohort two (Figure 1A) had not experienced the RWTM before and initial success rate of the first
trial on the first training day was the same for both exposed and control treatments at less than
40% (data not shown). After these mice were allowed a recovery period of nine weeks without
toxin exposure, spatial learning and memory were significantly improved as measured by the
mean percent successful escape levels on memory test day five and 12 shown in Figure 3D (p >
0.05) as well as the mean percent successful escape rates recorded during training days (Figure
4). The best fit model describing variation in percent success over the training periods of the
week 25 control group, week 25 exposed group, and nine-week recovery exposed group,
included slope as a predictor of differences in learning rates. Specifically, learning rates were
best explained by variables for group, day, and an interaction term between day and group (i.e.

the slope) (AAIC > 2). A post hoc Tukey’s test determined the slopes of week 25 control and

14
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nine-week recovery exposed groups were not significantly different (p > 0.05), and that the
slopes of those two groups were both significantly higher than the week 25 exposed group (p <
0.05). These results reveal significant spatial learning impairment after 25 weeks of exposure,
but improvement to near control level learning rates after a nine-week recovery period of no

toxin exposure (Figure 4).

3.3. Activity Outcomes

Chronic asymptomatic exposure to 0.75 + 0.5 mg DA/kg total body weight via IP
injection for 25 weeks caused a significant increase in novel cage activity level compared to
controls (Figure 5). As with the RWTM results, activity levels in chronically exposed mice
returned to control levels after a nine-week recovery period of no toxin exposure (Figure 5).
Total novel cage activity was quantified by the sum of photobeam breaks in both horizontal and
vertical planes occurring in one five-minute interval on three consecutive days. Other than
exhibiting higher activity levels and cognitive deficits, chronically exposed mice appeared
outwardly healthy and in good body condition as did controls. Test mice were weighed
throughout the study and body weights were 23.3 £ 1.3 and 23.1 + 1.4 (mean + sd) g after twelve
weeks of injections and 25.2 + 1.8 and 26.8 + 2.3 (mean + sd) g after 25 weeks of injections for

control and exposed mice, respectively.

3.4. Old Age Spatial Learning and Memory OQutcomes
Chronic asymptomatic exposure to DA from three months of age to one year of age did
not differentially affect cognitive function with age as measured via RWTM at 18, 24 or 28

months of age between control and exposed mice (Figures 6). These results suggest that the
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recovery observed in chronically exposed mice after a nine-week recovery period (Figure 3C and
Figure 4) was permanent and sustained into old age. Percent successful escape levels were not
significantly different between control and exposed mice at any of the old age time points
(Figure 6). Spatial cues were not changed between the 18 and 24 month time points and the
higher initial percent success at 24 months (approximately 60%; Figure 6B) compared to 18
months (approximately 20%; Figure 6A) suggest that these mice remembered the cues six
months later. In an effort to create a novel learning challenge for the final time point, spatial cues
were changed between the 24 and 28 month time points. Percent successful escape levels of >
80% in initial trials (before training with the new spatial cues) revealed that previous training
experience in the RWTM also leads to higher success in future RWTM experiments even if the
spatial learning environment is changed (Figure 6C). Escape time was highly variable and was

not significantly longer in exposed mice compared to controls (Data not shown).

3.5. Brain Immunohistochemistry and Histology Outcomes

Chronic asymptomatic domoic acid exposure for 22 weeks did not differentially affect
cell number or area in hippocampal regions of the brain between control and exposed mice,
showing that hippocampal lesions characteristic of acute DA poisoning did not occur with
chronic low-level exposure (Figure 7).

Chronic asymptomatic exposure to DA from three months of age to one year of age did
not appear to differentially affect the presence or progression of either age-related or background
lesions in these mice at 28 months of age based on assessment of hematoxylin and eosin stained

brain sections.
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4. Discussion

The prevalence of domoic acid (DA) in seafood products is likely to increase as DA-
producing algal blooms continue to become more frequent, more toxic, longer-lasting and cover
larger geographic areas (Lefebvre et al., 2016; McCabe et al., 2016; Moore et al., 2008; Van
Dolah, 2000). Current seafood safety regulations for the United States and the European Union
target single high-level DA exposure and have been effective at protecting seafood consumers
from acute high level DA exposure characterized by seizures, memory loss and brain lesions.
Our findings of cognitive deficits as well as increased novel environment activity levels with
repetitive asymptomatic DA exposures suggest that there is a critical need to consider chronic
low-level exposure risks as recreational and subsistence harvesters from Tribal communities and
the general public are known to consume low levels of DA on a regular basis (Ferriss et al., in
press; Grattan et al., 2009; Lefebvre and Robertson, 2010). A recently published study assessed
chronic DA exposure via razor clam consumption in 513 adult men and women from three
Pacific Northwest Native American Tribes (Grattan et al., 2016). Razor clams in the Pacific
Northwest are known to retain low levels of DA for over a year after HAB events (Wekell et al.,
1994). The study found an association between long-term, low-level exposure to DA through
heavy razor clam consumption and memory functioning (Grattan et al., 2016). These findings led
to the first razor clam advisory issued by the Washington State Department of Health (WDOH)
to incorporate long term exposure to seafood with toxin levels below the regulatory limit by
advising harvesters not to consume more than 15 clams per month for twelve consecutive months

(http://www.doh.wa.gov/Newsroom/2016NewsReleases/16116RazorClamsAdvisoryNewsReleas

¢). The present study was designed with weekly exposures to low asymptomatic doses of DA for
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multiple months in order to model chronic exposure and determine if long-term low-level
exposure causes quantifiable cognitive impacts in a mammalian model system. The findings
presented here were considered by WDOH in the formation of this advisory.

To our knowledge, this is the first study to examine the impacts of weekly low-level
exposures to DA for multiple months at doses below those to cause overt signs of excitotoxicity.
Quantifiable changes in cognitive function (spatial memory and learning) and motor activity
were observed (Figures 3, 4 and 5) and provide novel information regarding chronic low-level
exposure risks. Previous laboratory studies in mammalian systems have investigated the effects
of single high-level symptomatic exposures to DA via oral exposure (Burbacher and Petroff,
2016; Faustman et al., 2013; Truelove et al., 1997; Tryphonas et al., 1990c), intravenous (IV)
injection (Tryphonas et al., 1990a) and intraperitoneal (IP) injection (Baron et al., 2013;
Tryphonas et al., 1990b), providing a plethora of information on the toxicokinetics, behavioral
impacts, and brain histology of acute toxicity in whole animals. Neurobehavioral impacts of
acute DA exposure documented in rodent and non-human primate models include; sedation,
hyperactivity, scratching, gagging, loss of balance control, tremors, seizures, spatial memory and
learning impairment, and gross histologic lesions in the brain (Iverson et al., 1990; Nijjar and
Madhyastha, 1997; Scallet et al., 2005; Schmued et al., 1995; Vieira et al., 2015a; Vieira et al.,
2015b). A few laboratory studies using adult and neonatal whole animal rodent models have
addressed lower dose exposures for periods of several days and have documented adverse effects
such as kidney damage (Funk et al., 2014), lower seizure threshold (Gill et al., 2010), and
persistent changes in behavioral and molecular indicators of stress response (Gill et al., 2012).
One 64-day oral gavage study using 5 mg DA/kg body weight/day doses in rats reported no

clinical abnormalities (Truelove et al., 1996). Oral doses reported to cause neurotoxic effects in
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rodent models (35 mg/kg in mice and 80 mg/kg in rats) are dramatically different than in primate
models (1 mg/kg) and humans (1.9 mg/kg) (see table 3 in Lefebvre and Robertson, 2010), and
are likely due to toxin uptake differences (Lefebvre and Robertson, 2010). For this reason, IP
injection exposures of asymptomatic doses were used for our long-term chronic exposure model
designed to identify subclinical health impacts.

Our findings of significant cognitive deficits in the absence of gross morphological
lesions in hippocampal regions of the brain (Figure 7) indicate a new mode of action for chronic
low-level exposure. Acute exposures that elicit seizures also cause permanent hippocampal brain
lesions and permanent cognitive impairment, while the chronic low-level exposure impacts on
cognitive function and hyperactivity reported here were reversible (with significant improvement
after nine weeks recovery and full improvement after six months recovery) and were not
associated with permanent visible brain lesions indicative of cell death (Figures 3C and D, 4, 5,
and 7). Additionally, recovery from spatial learning and memory impairment was maintained
into old age (Figure 6) suggesting full and sustained recovery from the initial cognitive impacts
observed after chronic exposures at 25 weeks. A recently published study reported a loss of
inhibitory neuron function with DA treatment in organotypic hippocampal brain slice cultures of
mice, but not a loss in the total number of hippocampal neurons and may provide insight into a
reversible mechanism (Hiolski et al., 2016). Additional whole animal chronic exposure studies
and cognitive testing are currently underway to better define cognitive effects and to elucidate
the physiological and cellular processes that are impacted during long-term low-level exposure
leading to reversible cognitive deficits. Validation of laboratory model results are needed in
naturally-exposed wildlife and humans, but the findings presented here have profound

implications for human health and clinical treatment if similar patterns of cognitive deficits and
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recovery in the absence of permanent brain lesions also occur in chronically exposed human

consumers.

5. Conclusions

We found that weekly exposure for six months to low levels of DA at doses below those
that elicit the characteristic signs of acute DA poisoning caused significant spatial memory and
learning impairment as well as hyperactivity in mice. The effects of chronic low-level exposure
were reversible with a recovery period of no toxin exposure and recovery was maintained into
old age. These results define a new paradigm for chronic low-level DA toxicity in that cognitive
impairments were documented in the absence of seizures and visible brain lesions and were
recoverable, unlike acute DA poisoning characterized by seizures, permanent brain lesions and
permanent memory loss (Cook et al., 2015; Todd, 1993). These findings provide evidence that
repetitive low-level exposure should be considered in seafood safety management practices as
well as in wildlife health diagnostics.
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Figure Legends
Figure 1: Schematic of chronic exposures and cognitive testing time lines for A) 25 week
chronic exposure and nine week recovery experiments and B) 36 week chronic exposure and old

age experiments. RWTM = Radial Water Tread Maze; PAS = Photobeam Activity System
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Figure 2: Dose-response relationship of intraperitoneal (IP) injection doses of domoic acid (DA)
and the percent of animals affected at each dose for male and female C57BL/6NJ mice (n =4 at
each dose for each sex). Hind limb scratching was used to quantify excitotoxicity in mice and
EC50s were the same for male and female mice. Effective concentration (EC50) = the dose at

which 50% of the mice tested exhibited hind limb scratching.
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Figure 3: Spatial learning and memory outcomes tested using a radial water tread maze
(RWTM) in mice that were exposed to low-level asymptomatic doses of domoic acid via
intraperitoneal (IP) injection once a week for A) one, B) six, and C) 25 weeks, and at a recovery
time point nine weeks after cessation of toxin exposure (D). Percent successful escape levels
were not significantly different at the one and six week exposure time points, but were
significantly lower in exposed mice at the 25-week exposure time point compared to controls.
After a nine-week recovery period with no toxin exposure, percent successful escape levels on
memory test days five and 12 were no longer significantly different between exposed and control

mice (D). Statistically significant p values are shown; ns = not significant
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Figure 4: Generalized linear models of spatial learning rates over the four training days for the
radial water tread maze (RWTM) experiments in control mice (solid black line), exposed mice at
25 weeks of chronic exposure (solid gray line) and recovery mice (the same exposed mice nine
weeks after cessation of toxin exposure; dashed gray line). The slopes of control and 25 week-
exposed mice were significantly different. The slopes of the control and recovery mice were not
significantly different from each other, but both were significantly different from the 25 week
exposed mice (p < 0.05). The data reveal significant spatial learning impairment at 25 weeks of

exposure that is no longer present after a nine-week recovery period of no toxin exposure.
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Figure 5: Novel cage activity levels quantified using an open field photobeam activity system
(PAS) in control mice (n = 20) and mice that were exposed to asymptomatic doses of domoic
acid via intraperitoneal (IP) injection once a week for 25 weeks (n = 20). Chronically exposed
mice were significantly more active than control mice after 25 weeks of low-level domoic acid
exposure, but returned to control levels after a nine-week recovery period with no toxin

exposure. Statistically significant p values are shown; ns = not significant
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Figure 6: Spatial learning and memory outcomes tested using a radial water tread maze
(RWTM) at three old age time points A) 18, B) 24 and C) 28 months of age in control mice and
mice that were exposed to low-level asymptomatic doses of domoic acid via intraperitoneal (IP)
injection once a week for 36 weeks from three months of age to one year of age (Figure 1B).
Spatial cues were the same between 18 and 24 month time points, but were changed between the
24 and 28 month time points to create a novel learning challenge. Impairment was not observed
as measured by percent successful escape levels suggesting that long term early life exposure did
not significantly impact cognitive function with age and that recovery from the impairments
observed immediately following 25 weeks of exposure as shown in Figure 3D was maintained
into old age. ns = not significant
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Figure 7: Hippocampal damage characteristic of acute domoic acid poisoning in mammals was
not observed in chronically exposed mice at 22 weeks of exposure to asymptomatic doses of
domoic acid. A) Area measurements of CA1, CA3, and DG of the hippocampus, as well as all
regions combined, are not significantly different between control and domoic acid-exposed mice
(p>0.05). B) Example of DAPI labeling of cell nuclei in control (left) and domoic acid-exposed
(right) hippocampus. C) Examples of 20X images of DAPI labeling in CA1 (left), CA3
(middle), and DG (right) regions of the hippocampus in control (top row) and domoic-acid
exposed (bottom row) mice. D) Densities of DAPI-labeled nuclei are not significantly different

between control and domoic acid-exposed mice in any hippocampal region (p>0.05).
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