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ABSTRACT

Background: Current US federal action levels for domoic acid (DA) in seafood are based on acute toxicity observed in exposed
adult humans. Life course considerations have not been incorporated. The potential for developmental neurotoxicity (DNT) at
permissible DA levels has previously been noted, but not methodically assessed.

Methods: Studies of DNT following DA exposure in experimental and wild animals were identified through a comprehensive
search strategy. Evidence from papers meeting inclusion criteria was evaluated for specific outcomes reported for doses at which
adverse effects were observed. Exposure levels associated with DNT were compared with those known to cause adult toxicity. The
findings are discussed in the context of the well-characterized mechanism of DA neurotoxicity, as well as the toxicokinetics of DA
across species and life stages.

Conclusions: DNT outcomes were reported with a no observed adverse effect level (NOAEL) 10 times lower than the
NOAEL of 0.75mg DA/kg for acute effects in adults. Apart from reviewing current regulatory action levels, public health
outreach messaging to health care professionals and sensitive populations, such as pregnant or breastfeeding women, should
be considered as a means of increasing awareness about risk for DNT from consumption of potentially DA-contaminated

seafood.

1 | Introduction

Many researchers have expressed concerns as to whether current
safety considerations for the presence of domoic acid (DA) in sea-
food are sufficient to protect individual consumers throughout
the course of their lives (Costa, Giordano, and Faustman 2010;
Doucette and Tasker 2016; Grattan 2022; Panlilio et al. 2023;
Petroff et al. 2021; Shum et al. 2020). The sensitivity of age-based
sub-populations can vary due to the developmental stage of
target tissues (e.g., brain), as well as with life-stage changes in
toxicokinetic (TK) factors such as rates of absorption and elimi-
nation (Lanphear 2015).

Compared to the adult brain, developing brains are generally
more sensitive to the effects of neurotoxicants (Costa, Guizzetti,
and Vitalone 2004; Lanphear 2015; Rodier 1995). Prenatal and
early postnatal brain development are characterized by rapid
neural cell proliferation and migration, maturation of receptor
and transmitter systems, increasing numbers of synaptic con-
nections, and production of myelin (Rodier 1995). Interference
with any of these essential developmental processes can ad-
versely impact eventual mature brain structure and/or func-
tion (Costa, Guizzetti, and Vitalone 2004). Simultaneously, an
immature blood-brain barrier may not provide the develop-
ing brain with the same degree of protection from circulating
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toxins as afforded to an adult brain by a mature barrier (Costa,
Guizzetti, and Vitalone 2004; Rodier 1995).

The neurotoxic effects of DA are consistent among adults of the
species evaluated including humans, laboratory animals, and af-
fected wildlife (Goldstein et al. 2008; Grant et al. 2010; Iverson and
Truelove 1994). Experimental evidence indicates that developing
brains are more sensitive than adult brains to DA-induced neuro-
toxicity (Costa, Giordano, and Faustman 2010; Petroff et al. 2021).

For this commentary, we have compiled the empirical evidence
from studies of DA-induced developmental neurotoxicity (DNT)
in experimental and wild animals. Specific impacts observed
at the lowest DA doses with an adverse effect were compared
across species and developmental stages. While the exact timing
of key neurodevelopmental events with respect to the pre- versus
post-natal periods may vary among species (Clancy et al. 2008),
the sequence of events appears to be highly conserved (Clancy,
Darlington, and Finlay 2001). The results are discussed in the
context of available background information on mechanisms of
DA neurotoxicity and the TK of DA at various life stages. The de-
tailed information presented in this commentary will be valuable
for communicating risks of DA exposure throughout life.

1.1 | Sources of DA Exposure

DA is a potent neurotoxin produced by algal diatoms. On the west
coast of the US (OEHHA 2022a; Petroff et al. 2021) and in many
other jurisdictions worldwide (Bates et al. 2018), diatoms of the
genus Pseudo-nitzschia are the most common source. Shellfish and
fish can accumulate DA by feeding in waters contaminated with
DA-containing cells of Pseudo-nitzschia (Bernstein et al. 2021;
Lefebvre, Frame, and Kendrick 2012; Lefebvre et al. 2007).
Accumulated DA can then be passed on to higher trophic levels
(OEHHA 2022a) including seabirds (Gibble et al. 2021), marine
mammals (Bowen et al. 2022; Goldstein et al. 2008; Kreuder 2005;
Moriarty et al. 2021), and humans (Fritz et al. 1992).

1.2 | Acute Effects of DA (1987 Amnesic Shellfish
Poisoning Outbreak)

The acute effects of DA poisoning in adults came to wide at-
tention following a 1987 outbreak involving over 100 people
who consumed cultured mussels sourced from eastern Prince
Edward Island, Canada (Perl, Bedard, Kosatsky, Hockin, Todd,
Remis, et al. 1990). Symptoms ranged from gastrointestinal
(GI) distress, to disorientation, seizure, coma, and death (Perl,
Bedard, Kosatsky, Hockin, Todd, Remis, et al. 1990). DA poison-
ing is also referred to as “Amnesic Shellfish Poisoning” (ASP)
because temporary or permanent loss of short-term memory
is a characteristic symptom at higher exposure levels (Grant
et al. 2010; Perl, Teitelbaum, et al. 1990; Teitelbaum et al. 1990).

Ingested doses of DA were estimated for 10 individuals from the
1987 outbreak based on DA concentrations in meal remnants
and estimated portions consumed (Perl, Bedard, Kosatsky,
Hockin, Todd, Remis, et al. 1990). A single individual estimated
to have consumed 20mg of DA had no adverse GI or neurolog-
ical effects (EFSA 2009). With doses normalized to 60kg body

weight (bw), the lowest observed adverse effect level (LOAEL)
was determined to be 1.0mg DA/kg bw, which was associated
with mild gastrointestinal effects (Iverson and Truelove 1994).
Severe illness requiring hospitalization was associated with an
estimated dose of 4mg DA/kg bw (EFSA 2009; Perl, Bedard,
Kosatsky, Hockin, Todd, Remis, et al. 1990).

1.3 | Basic Mechanism of Action (Kainic Acid
Analog)

DA is a high-affinity structural analog of kainic acid (Figure 1),
and hence a selective agonist of kainate receptors (a subtype of
ionotropic glutamate receptors) (Larm, Beart, and Cheung 1997).
At sufficient concentrations, agonists of glutamate receptors
can over-stimulate neurons to death in a process known as ex-
citotoxicity. Excitotoxicity contributes to impairment of learn-
ing and memory as well as to frank neurodegeneration in the
hippocampus and neocortex (AOP-48 2023; Larm, Beart, and
Cheung 1997). DA has a higher affinity for kainate receptors
than kainic acid itself, resulting in 3-20 fold greater potency
for downstream effects (Larm, Beart, and Cheung 1997; Costa,
Giordano, and Faustman 2010).

The Adverse Outcome Pathway (AOP) for ionotropic glu-
tamate receptors in adult brain (Figure 2) illustrates the se-
quence of key events from receptor binding through apical
expression as deficits in learning and memory (AOP-48 2023).
The AOP is intended to apply to all types of glutamate ion-
otropic receptors, including kainate receptors, involved in
basal excitatory synaptic transmission and synaptic plasticity,
which under physiological conditions are critical for normal
learning and memory. DA's action as an agonist for glutamate
receptors is sufficiently well-understood and specific to sup-
port its use as a positive control for certain in vitro assays
used in large-scale screening of compounds for potential DNT
(USEPA 2020). While not specifically validated for developing
brains, current evidence tends to support the pathway's appli-
cability (AOP-48 2023).

Data from humans, mice, and rats used to construct the AOP
were characterized as strong evidence (AOP-48 2023). Binding
of DA to ionotropic glutamate receptors and the resulting ad-
verse neurological effects have been documented broadly in
additional vertebrate species including non-human primates,
marine mammals, birds, and finfish (Lefebvre, Frame, and
Kendrick 2012; Lefebvre et al. 2007; Lefebvre 2001). While fish
treated with DA by injection are susceptible to DA-caused excito-
toxicity, they may be less sensitive to oral doses of DA when com-
pared to other species (Anderson et al. 2021; Lefebvre, Frame,
and Kendrick 2012; Lefebvre et al. 2007; Lefebvre 2001). Fish
die-offs have not been observed to result from Pseudo-nitzschia
blooms, even when DA levels in fish digestive tract tissues
were high (e.g., >50mg DA/kg viscera) (Bernstein et al. 2021;
Lefebvre, Frame, and Kendrick 2012; Lefebvre et al. 2007).

Ionotropic glutamate receptors, including kainate recep-
tors, have also been identified in tissues of the GI tract (Baj
et al. 2019). These receptors are part of the “microbiota-gut-
brain axis,” and modulation of their activity may influence brain
aswell as gut function. While vomiting and other GI effects have
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FIGURE1 | Chemical structures of domoic acid, and analogues glutamic acid and kainic acid.
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FIGURE2 | Schematicdiagram of the adverse outcome pathway (AOP) for domoic acid and similar compounds. Modified from the AOP “Binding
of agonists to ionotropic glutamate receptors in adult brain leading to excitotoxicity that mediates neuronal cell death, contributing to learning and

memory impairment” (AOP 48, 2023) available online at: https://aopwiki.org/aops/48.

been reported from DA exposure in humans and non-human
primates, the specific involvement of ionotropic glutamate re-
ceptors in these symptoms has not been definitively established.

1.4 | Basic Toxicokinetics (TK) of DA

DA is poorly absorbed from the GI tract, and is rapidly elimi-
nated (e.g., half-life < 110 min reported for non-human primates)
with approximately 75% metabolically unchanged in urine and
feces (Suzuki and Hierlihy 1993; Truelove and Iverson 1994;
Truelove et al. 1997; Jing et al. 2018; Costa, Giordano, and
Faustman 2010). Distribution and elimination of DA has been
studied in pregnant and non-pregnant animals (Jing et al. 2018;
Maucher Fuquay et al. 2012a; Shum et al. 2020), as well as in
fetuses and neonates (Maucher Fuquay et al. 2012b; Maucher
and Ramsdell 2005).

The results from TK studies of acutely dosed DA differ between
the injection and oral routes of exposure. In adult female cy-
nomolgus monkeys (Macaca fascicularis), a single intravenous
(IV) dose of 5ug DA/kg bw (0.005mg/kg) had a mean elimina-
tion half-life of 1.2h (Jing et al. 2018). Acute oral doses of 0.075
and 0.15mg DA/kg bw produced a mean terminal half-life of
11.3h with the difference between routes indicating “flip-flop
kinetics,” or a rate of oral absorption that is slower than the rate
of elimination and hence rate-limiting (Jing et al. 2018).

The TK of chronic oral dosing with DA at 0.075 and 0.15mg/
kg bw was studied in adult female cynomolgus monkeys before,
during, and after pregnancy (Shum et al. 2020). At the time of
delivery, DA was detected in infant plasma and amniotic fluid.
TK modeling of maternal-fetal DA disposition suggested that
placental transport introduces DA to the fetus via cord blood.
The fetus subsequently eliminates DA into the amniotic fluid,
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which is then recirculated by fetal swallowing (Figure 3). DA
levels were 4.5-7.5X higher in amniotic fluid than in fetal
plasma, suggesting that DA accumulates in amniotic fluid.

Distribution of DA in maternal and fetal tissues following gesta-
tional dosing is broadly consistent in experimental rats and mon-
keys (Maucher Fuquay et al. 2012a, 2012b; Shum et al. 2020),
as well as in samples collected from fetal tissues and fluids of
stranded sea lions (Brodie et al. 2006; Goldstein et al. 2009;
Lefebvre et al. 2018). Following treatment of pregnant rats on
gestation day (GD) 20 with 1.0mg DA/kg bw IV, DA levels in
maternal brain and cerebrospinal fluid (CSF) peaked at 15min
following treatment and were undetectable by 12-24 h (Maucher
Fuquay et al. 2012a). Fetal plasma DA levels peaked at 60 min
post-dosing (Maucher Fuquay et al. 2012b). Post-treatment DA
levels in amniotic fluid and fetal brain did not show evidence of
elimination over 24h. Retention of DA in the amniotic fluid of
these experimental animals (Maucher Fuquay et al. 2012b) re-
inforces the suggestion of continuous fetal re-exposure, in turn
increasing the relative risk for fetal harm from a given maternal
dose of DA.

Experiments in lactating rats demonstrated the presence of
DA in the milk of treated dams and in the plasma of nursing
pups given supplemental milk with added DA (Maucher and
Ramsdell 2005). While at one-hour post-dosing with 1.0mg/
kg bw DA by intraperitoneal injection (IP) DA levels were 16
times lower in milk than in maternal plasma; by 8 h post-dosing,
remaining DA levels were four times higher in milk than in
maternal plasma. Although neonates given milk from these DA-
exposed females that did not attain measurable plasma levels of
DA, neonates did absorb sufficient DA from consuming milk
“spiked” with 1.0mg DA/kg bw to result in measurable plasma
DA levels.

Umbilical Vein

Maternal Circulation
Placenta

Amniotic Fluid

1.5 | Current Basis for US Regulation of DA in
Seafood

Health Canada was the first entity to establish and imple-
ment an official regulatory limit of 20ug DA/g (20 ppm) for
DA in edible tissue of bivalve shellfish in 1989. Prior to that,
Canadian health and regulatory entities had instituted an
interim safety threshold in 1988 that restricted shellfish har-
vest when DA levels exceeded 20 ug DA/g (Todd 1990; Wekell,
Hurst, and Lefebvre 2004). Health Canada organized a sym-
posium on DA toxicity in Ottawa (April 1989), where scien-
tists, health officials, and regulators met to discuss various
facets of the 1987 DA poisoning event, define the acute DA
toxicity clinical syndrome now known as ASP, and establish
the scientific basis for a safe consumption threshold for DA
in shellfish of 20 ppm. Health Canada applied a LOAEL ap-
proach to calculate the threshold where 50 mg DA was divided
by an approximate 0.200kg (wet weight) shellfish consump-
tion rate, or 250 ppm, to which a safety factor of 12 was applied
(Perl, Bedard, Kosatsky, Hockin, Todd, Remis, et al. 1990;
Perl, Bedard, Kosatsky, Hockin, Todd, McNutt, et al. 1990;
Perl, Teitelbaum, et al. 1990; Todd 1990; Wekell, Hurst, and
Lefebvre 2004).

US Food and Drug Administration (FDA) critically reviewed
the Health Canada regulatory limit at the FDA Pacific Region
1992 Domoic Acid Workshop in San Pedro, California, which
was modeled after the 1989 Canadian symposium (DHHS 1993;
USFDA 2021; Wekell, Hurst, and Lefebvre 2004). US FDA ad-
opted the LOAEL approach using 60mg DA as a LOAEL, di-
vided by 0.250kg (wet weight) shellfish consumption rate, or
240ppm, and applied an uncertainty factor (UF) of 10. Twenty
ppm was subsequently adopted and implemented as the FDA
action level for DA in seafood (DHHS 1993). US FDA later

Fetal Circulation

FIGURE 3 | Schematic diagram of maternal-fetal distribution of domoic acid (DA). DA in the maternal circulation is transported across the pla-

centa and into the fetus via the umbilical vein. The fetal circulatory system transports DA to the immature fetal organs, including brain. The fetus

eliminates DA into the amniotic fluid, which is swallowed by the fetus, thus recirculating available DA.
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evaluated additional DA data in Dungeness Crab and adopted a
second action level in 1993 permitting 30 ppm DA in Dungeness
Crab viscera (DHHS 1993; USFDA 2021).

Subsequent to the adoption of federal action limits, the Washington
State Department of Health (DOH) conducted a literature review
to determine a tolerable daily intake (TDI) for DA (Marien 1996).
Overall, Washington DOH determined that the human and non-
human primate toxicity data supported a no observed adverse
effect level (NOAEL) of 0.75mg DA/ kg bw for acute exposure of
adult individuals (Marien 1996). Due to the similarities between
humans and test monkeys in response to doses of DA (Iverson and
Truelove 1994), no between-species uncertainty factor (UF) was
applied. Washington State health officials established a TDI of
0.075mg DA/kg bw that incorporated a 10-fold UF to account for
variation in sensitivity within species (Marien 1996). Washington
DOH concluded that the TDI was consistent with the US FDA
action levels of 30 and 20 ppm for crab viscera and clams, respec-
tively, and that the federal limits were sufficiently protective of
public health from acute DA toxicity.

1.6 | California State Agency Activities
Regarding DA

The Office of Environmental and Health Hazard Assessment
(OEHHA) is the lead California agency for evaluating health
hazards posed by environmental contaminants and partners
with other State agencies to ensure the safety of California fish-
eries from toxic substances, including DA (OEHHA 2019a). As
Pseudo-nitzschia blooms in California coastal waters are an
ongoing concern, OEHHA assesses monitoring data for DA
levels in California seafood samples analyzed by the California
Department of Public Health (CDPH) laboratories. In consulta-
tion with CDPH, OEHHA makes formal health-based recom-
mendations to the California Department of Fish and Wildlife
(CDFW) regarding delay of opening, closure, or re-opening ac-
tions for California recreational and commercial fisheries under
the authority of California Fish and Game Code section 5523
(CDFW) (2017).

OEHHA, CDPH, and CDFW coordinate DA-related regulatory
actions and provide the public with information in the form of re-
sponses to frequently asked questions (CDPH 2017; OEHHA 2018).
These three entities, in cooperation with the California State Water
Resources Control Board, comprise the Interagency harmful algal
bloom (HAB)-related Illness Workgroup which investigates and
tracks potential HAB-related illnesses in humans and animals
throughout California, including DA-induced ASP, which is a
reportable illness in California (OEHHA 2022b, 2024). OEHHA
has hosted two informational workshops on DA toxicity (2017 and
2019), which featured invited speakers from the research commu-
nity (OEHHA 2017, 2019b).

In 2020, DA was one of 22 chemicals presented to the OEHHA
Developmental and Reproductive Toxicant Identification
Committee (DARTIC) for prioritization for consideration under
California's Proposition 65 (OEHHA 2020). Chemicals included
in that document had passed a data screen followed by a pre-
liminary toxicological evaluation of available evidence for repro-
ductive harm.

1.7 | Empirical Data: Implications for DA-Related
DNT Risk

The extensive background information on DA summarized
above affirms that life stage considerations are relevant to risk
for DA's adverse neurological effects. Developing vertebrates are
at particular risk of DA-induced DNT due to the immaturity of
developing brain tissues. Developing mammals face the addi-
tional complexities of placental transfer, recirculation between
the fetus and amniotic fluid with slow elimination from the
amniotic fluid, and potential postnatal exposure via milk from
exposed maternal animals.

An earlier review reported on experimental evidence for DNT
occurring at DA doses one to two orders of magnitude below
levels causing neurotoxicity in adults (Costa, Giordano, and
Faustman 2010). This present effort compiles and summarizes
the currently available experimental data on the developmen-
tal toxicity of DA in developing nonhuman animals. Taking a
comprehensive look at dose-response data for DNT associated
with DA exposure early in life for several species will facilitate
considerations of whether the current action levels provide pro-
tection during the most sensitive life stages.

2 | Methods
2.1 | Literature Identification and Selection
2.1.1 | Search Strategies

The literature search strategy for prioritization candidates is de-
tailed in a 2020 report by OEHHA (OEHHA 2020). The studies
retrieved and reviewed for that document provided an initial nu-
cleus for the DNT data presented in Tables.

The literature search for DA has been updated, and relevant new
publications retrieved for inclusion. Additional efforts to identify
relevant literature have included cross-checking reference lists
from published papers, and author-based searches for papers
published by researchers known to have worked on the DNT
of DA.

2.1.2 | Inclusion Criteria for Laboratory and Wild
Animal Studies

Laboratory studies included in the data tables met the following
criteria by reporting:

« Original data.
« Atleast one dose level of DA plus appropriate controls.

« Single or repeated DA dosing restricted to the pre- and/or
postnatal periods of brain development, with specific tim-
ing reported to differentiate between DNT and adult neu-
rotoxicity resulting from acute or chronic DA exposures of
mature subjects.

« Assessment and reporting of DNT outcomes such as behav-
ioral, histopathological, and/or biochemical effects.
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« DNT assessment must have occurred subsequent to DA
dosing; while timing of dosing is restrictive to the period
of neurodevelopment, assessment of DNT outcomes could
have been conducted at any time following dosing, from im-
mediately post-dosing until later in life.

For wild marine mammals, only rough estimates of dosing
and timing of DA exposure could be made. Tabulated studies
reported data on young animals believed to have been exposed
during the prenatal and/or neonatal (nursing) periods. All of
the selected literature reported on California sea lions found
stranded, with DA exposure inferred from the timing and extent
of known toxigenic Pseudo-nitzschia blooms capable of, or ac-
tively producing, DA (Smith et al. 2023). Some studies measured
DA concentrations in affected animals' tissues and body fluids.

3 | Results

Tables 1-7 summarize methods and results from whole-animal
studies of DNT in DA-exposed animals. Each table represents
studies grouped by time of exposure and species tested.
Emphasis is placed on identifying the lowest dose at which DNT
was observed for each study, and the specific effects reported
at that dose. Where necessary to facilitate comparison between
studies, units have been converted to mg/kg bw. Brief synopses
of the tabulated information are presented below.

3.1 | Prenatal Exposure
3.1.1 | Monkey

Two publications reported on a single study population of M.
fascicularis that was exposed to DA during gestation, and fol-
lowed from birth to 1-2months of age (Burbacher et al. 2019;
Grant et al. 2019). Maternal animals were given DA orally, with
doses of 0, 0.075, or 0.15mg/kg-day throughout breeding and
gestation. No adverse effects were noted for newborns, but test-
ing at 1-2months postnatal age revealed impairment of recog-
nition memory in the 0.15mg DA/kg bw-day group (Burbacher
et al. 2019; Grant et al. 2019). See Table 1 for more details of
study methods and results.

3.1.2 | Rodents

One study in rats (Levin et al. 2005) and five in mice
(Dakshinamurti et al. 1993; Mills et al. 2016; Shiotani et al. 2017;
Tanemura et al. 2009; Zuloaga et al. 2016) provided data on the
DNT of DA following gestational exposure. See Tables 2 and 3
for brief summaries of study methods and outcomes.

For three rodent studies conducted by the subcutaneous (SC)
route of exposure, the lowest LOAELSs during gestation ranged
between 0.6 to 1.5mg/kg bw (Levin et al. 2005; Mills et al. 2016;

TABLE1 | Gestational exposure only; Non-human primates (Macaca fascicularis).
Reference Methods Outcomes at LOAEL? LOAEL/NOAELY
Burbacher Oral doses of 0, 0.075, or 0.15mg DA®/ No changes in measurements LOAEL = NI4,
et al. 2019 kg-day during breeding and gestation. or health assessments

Evaluations of live offspring at birth.

Grant et al. 2019 Behavioral evaluations of infant
cohort reported in Burbacher

et al. 2019; Tests at 1-2 PNM®.

of newborn infants.

Impairment on tests of
recognition and differential
visual attention to novel stimuli
in the 0.15mg/kg group.

LOAEL=0.15mg/
kg-day (oral).
NOAEL=0.075mg/
kg-day (oral).

Note: The two papers tabulated above report studies of the same experimental animals evaluated at different times for different outcomes.
2LOAEL =lowest observed adverse effect level. Outcomes for exposed animals significant at p <0.05 or less.

YNOAEL =no observed adverse effect level.
‘DA =domoic acid.

INI=not identified.

°PNM = postnatal month.

TABLE 2 | Gestational exposure only; Rats.

Reference Methods

Outcomes at LOAEL LOAEL/NOAEL

Levin et al. 2005 Subcutaneous injection (SC) of 0,
0.3, 0.6, or 1.2mg DA/kg on GD? 13.
T- and Figure 2 maze tests
during PNW" 4-8.

Radial maze test during
PNW 9-13; scopolamine

challenge after training.

Impaired response in session 2 of T- LOAEL=0.6mg/

maze test in the 1.2mg/kg group. kg (SC).
Greater habituation of locomotor NOAEL=0.3mg/
activity over 1h in Figure 2 maze kg (SC).

test in the 1.2mg/kg group.
Impaired choice accuracy on Radial-
arm maze test with scopolamine
challenge to 0.6 and 1.2mg/kg groups.

2GD =gestation day.
PPN'W =postnatal week.
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TABLE 3 | Gestational exposure only; Mice.

Reference

Methods

Outcomes at LOAEL

LOAEL/NOAEL

Shiotani et al. 2017

Mills et al. 2016

Zuloaga et al. 2016

Tanemura
et al. 2009

Dakshinamurti
et al. 1993

Oral gavage of 0, 1, or 3mg
DA/kg-day on GD 10-17.

Behavioral test battery PND 5-92.

SC injection of 0 or 1.5mg
DA/kgon GD 16.
Behavioral testing on PND 21,
25, and 35; MRI® on PND 32-40.

SC injection of 0 or
1.5mg DA/kg GD 15.
Behavioral testing on

PND 21, 25, and 35.

Brain microscopy and immuno-
histochemistry on PND 35.

Intraperitoneal injection
(IP) of 0 or 1 mg DA/kg on
GD 11.5, 14.5, or 17.5.
Male offspring tested and
examined at PNW 11.

Intravenous injection (IV) of
0 or 0.6 mg DA/kg GD 13.
EEGH monitoring PND 10-30.

Results were analyzed by
mixed effects ANOVA?. Test
data for rotarod, elevated
maze, PhenoTyper-cage,
Catwalk gait parameters, and
Morris water maze all showed
significant effects of DA dose.

Reduced social interactions
in male offspring.
Altered functional connectivity
patterns and alterations in
certain brain regions resembling
those associated with ASDE®.

Diminished social investigation
and ultrasonic vocalization
in male offspring.
Altered sensorimotor gating.

DA-exposed male offspring
showed impaired learning and
memory, as well as altered
anxiety-related behaviors.
Necropsies revealed myelination
failure and overgrowth of
neuronal processes of the
limbic cortex neurons.
While the magnitude of
specific effects varied with
day of treatment, all treated
groups showed significant
changes in some outcomes.

Electrocortical inhibition.
Reduced seizure thresholds
in response to DA challenge.
Abnormal histopathology of
hippocampus and dentate gyrus.
Reduced regional GABA® and
increased glutamate levels.
Increased kainate receptor
binding and enhanced
calcium influx.

1mg/kg-day (oral) likely
represents a LOAEL value,
but paper does not clarify.

LOAEL =1.5mg/kg (SC).
NOAEL=NL

LOAEL =1.5mg/kg (SC).
NOAEL=NL

LOAEL =1mg/kg (IP).
NOAEL=NL

LOAEL=0.6mg/kg (IV).
NOAEL=NL

2ANOVA =analysis of variance.
PYMRI=magnetic resonance imaging.
€ASD =autism spectrum disorder.
4EEG =electroencephalogram.
°GABA =gamma-aminobutyric acid.

Zuloaga et al. 2016). Reported outcomes included altered social
behaviors and impaired maze performances.

A mouse gavage study administered DA daily on GD 10-17,
at doses of 0, 1, or 3mg DA/kg maternal bw-day (Shiotani
et al. 2017). Postnatal behavioral testing of prenatally-exposed
pups revealed both dose and sex influences on offspring perfor-
mance. Significant changes were found in postweaning tests of

motor coordination and indicators of anxiety behavior, with no
identified NOAEL dose, while maternal animals showed no sei-
zures or other effects at any tested dose.

A single IP injection of 1 mg DA/kg bw to pregnant mice was as-
sociated with behaviors indicating impaired learning and mem-
ory and increased anxiety in male offspring of 11 weeks postnatal
age (Tanemura et al. 2009). The study also noted myelination
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TABLE 4 | Zebrafish fertilized eggs or embryos.

Reference

Methods

Outcomes at LOAEL

LOAEL/NOAEL

Panlilio et al. 2023

Panlilio et al. 2021

Panlilio, Aluru, and
Hahn 2020

Tiedeken and
Ramsdell 2009

Tiedeken and
Ramsdell 2007

Tiedeken, Ramsdell, and

Ramsdell 2005

IV injection of 0,
0.14, or 0.18ng DA at
48-53hpf? (~2 dpfP).
Evaluations at 2.5, 4, and 5 dpf.

IV injection of 0 or
0.14ng DA on ~2 dpf.
Testing at 2.5, 5, and 7 dpf.

IV injection of 0, or 0.09—
0.18ng DA at ~1, 2, or 4 dpf.
Observations daily
from 1day post- dose
through 5 dpf; additional
observations at 5-7 dpf.

Bath exposure of larvae at
7dpf to DA at concentrations
of 0, 0.25-1.0mM.

Microinjection with 0
or 0.13-1.26 ng DA/mg
egg weight at 3-4 hpf.

0 or 0.12-17.0mg DA/kg egg
weight by microinjection
to fertilized eggs at 6 hpf.

Dose-dependent reduction
in number of myelinating
oligodendrocytes.

Loss of Mauthner neurons.
Loss of intact middle primary
motor neuron (MiP) axons.

Reduced startle response.
Altered kinematics of both
short and long latency C-
bend startle responses.
Sensory inputs were intact, but
missing reticulospinal neurons.
Reduced primary motor
neuron axon collaterals.

Reduced startle response.
Altered kinematics of both
short and long latency C-
bend startle responses.
Altered gene expression and
disrupted myelin structure.
Most sensitive time for
all effects was 2dpf.

Bath concentrations as low
as 0.25mM caused a “brief
hyperactive response” followed
by convulsive behavior.
Expression of convulsive
behavior included body
contractions, circular swimming

patterns, isolated tremors,

and complete paralysis.

DA exposure reduced threshold
to chemically-induced seizures
(by PTZ)? in the larvae at
seven dpf, as well as increasing
severity of seizure behavior.

Reduced hatching success
at 0.4mg/kg, 1.2mg/kg and
higher. Marked tonic-clonic

type convulsions at 2days
after 1.2mg/kg. Absence of
touch response reflexes at 4

dpf after 4.0mg/kg or higher.
Rapid and constant pectoral
fin movements from 5 dpf.

LOAEL=0.14ng (IV)
[0.14E-6 mg].c
NOAEL=NI.

LOAEL=0.14ng (IV)
[0.14E-6 mg].
NOAEL=NI.

LOAEL=0.09ng (IV)
[0.09E-6 mg].
NOAEL=NI.

LOAEL=0.25mM
(bath exposure).
NOAEL=NI.

LOAEL=0.13ng/mg
(microinjection) [0.13 mg/kg].
NOAEL=NI

LOAEL =0.40mg/
kg (microinjection).
NOAEL=0.12mg/
kg (microinjection).

2hpf=hours post-fertilization.
bdpf=days post-fertilization.
“Dose expressed as ng/embryo.
dPTZ = pentylenetetrazole.

failure and overgrowth of neuronal processes in limbic cortex 3.1.3 | Zebrafish
neurons at necropsy of treated animals. In another study, a single
IV dose of 0.6 mg DA/kg bw to pregnant dams altered postnatal
electroencephalogram (EEG) results as well as histopathology
and brain biochemistry (Dakshinamurti et al. 1993).

Six studies used zebrafish as the test species for DA-induced
DNT (Panlilio, Aluru, and Hahn 2020; Panlilio et al. 2023,
2021; Tiedeken and Ramsdell 2007, 2009; Tiedeken, Ramsdell,
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TABLE 5 | Neonatal exposure; Rats.

Reference Methods Outcomes at LOAEL LOAEL/NOAEL
Marriott SC injection of 0 or 20 pug Social isolation (without DA) led to lowered LOAEL=20pg/
et al. 2016 DA/kg-day on PND 8-14. prepulse magnitude in male rats. kg-day (SC)
Post-weaning animals DA exposure with or without post-weaning [0.02mg/kg-day].
housed either in groups or social isolation led to no effect on pre-pulse NOAEL=NIL
singly in social isolation. magnitude, but an additive increase in
Evaluations of adult animals at prepulse startle latency in both sexes.
approximately 4.5 months of age. Alterations in prepulse inhibition indicate altered
perceptual processing, used to assess neural
alterations of neuropsychiatric disorders.
Thomsen SC injection with 0, 20, or Differences on behavioral tests (open LOAEL=20ug/
et al. 2016 60 g DA/kg on PND 8-14. field, social interaction, and forced swim) kg-day (SC)
Behavioral testing on only at the higher dose of DA. [0.02mg/kg-day].
PND 50, 75, and 98. Altered o,-adrenoceptor binding at both doses. NOAEL=NI.

Jandova et al. 2014

Gill et al. 2012

Adams et al. 2009

Gill et al. 2009

Perry, Ryan, and
Tasker 2009

Testing for o,-adrenoceptor
binding on PND 120.

SC injection of 0 or 30 ug DA/
kg-day on PND 10-14.
Behavioral observations on
PND 35,42, and 112.

SC injection of 0 or 20 pug
DA/kg-day on PND 8-14.
Behavioral testing on
PND 106-140.

Brain tissues taken for Western
blot analysis on PND 241.

SC injection of 0 or 20 ug
DA/kg-day on PND 8-14.
Daily evaluation for
startle response and eye
opening from PND 8.
Radial-arm maze test from
PND 34-36; Morris water maze
test from PND 130-132.

SC injection of 0 or 20 ug
DA/kg-day on PND 8-14.
Radiotelemetry transmitters
surgically implanted on
PND 90, for EEG recording
of sleep stage durations.

SC injection of 0 or 20 ug
DA/kg-day on PND 8-14.
Animals sacrificed for
biochemical analyses on
PND 14 or 75, or behaviorally
tested on PND 75.

DA changed spontaneous activity patterns
only during testing at 112days. All
activities recorded were affected, including:
locomotion, rearing, and grooming.

DA increased indicators of behavioral
stress including low-grade seizure
activity during maze testing.

While initial learning of maze tasks was similar for
DA and control groups, DA impaired responses to
challenge reversal tasks, particularly for males.
Western blot analysis revealed increases in
adrenergic receptor («2a and a2c) as well
as increased mineralocorticoid receptor
expression in DA-treated males.

Altered performance on both radial-arm maze
and Morris water maze for treated animals.
Performance improved for several parameters
in both mazes, but impaired for treated females
on the reversal task of the Morris water maze.

Decreased time in paradoxical sleep
during 12 daylight hours.

DA-treated animals showed increased frequency
of a behavioral syndrome (NIS-L) consisting of
repetitive and simultaneous squinting, mastication,
and head bobbing during a test session.

The test sessions in a novel water maze (NWM)
considered to provide a mild to moderate
stressor, which stimulated the NIS-L response.

LOAEL=30pg/
kg-day (SC)
[0.03mg/kg-day].
NOAEL=NI.

LOAEL=20pg/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NI.

LOAEL=20ug/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NI.

LOAEL=20pug/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NI.

LOAEL=20ug/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NL

(Continues)

90f18



Burt, Ryan, and
Doucette 2008a

Burt, Ryan, and
Doucette 2008b

Bernard et al. 2007

Levin et al. 2006

Tasker et al. 2005

response began on PND 90.

SC injection of 0 or 20 pug
DA/kg-day on PND 8-14.
Tests for nicotine-induced
conditioned place preference
post-weaning on PND 21.

SC injection of 0 or 20 pug
DA/kg-day on PND 8-14.
Assessment of developmental
measures starting on PND 8.
Behavioral testing
from PND 18-150.
Nicotine-induced conditioned
place preference in DA-
treated animals assessed
on PND 200-240.

SC injection of 0 or 20 ug
DA/kg-day on PND 8-14.
Hippocampi dissected out and
prepared for evaluations.

SC injection of 0, 0.025, 0.05,
and 0.1 mg DA/kg 2X/day (so
doses of 0, 0.05, 0.1 and 0.2mg/
kg-day) on PND 1 and 2.
Behavioral testing
during PNW 4-13.

SC injection of 0 or 20 pug
DA/kg on PND 8-14.
Pups conditioned to an
odor on PND 8.

Odor preference, between
conditioned and novel odors
tested on PND 9 and 13.

Reduced sensitivity to nicotine-induced conditioned
place preference in DA-treated animals.

Earlier eye opening in DA-exposed females
only. No effects on body weight gain, or
timing of other developmental landmarks.
Open field test results for male and/or female
DA-treated animals affected in one or more
parameters. Testing on PND 18, 36, and 150.
Time spent interacting with novel objects
in a playground maze was increased for
DA-treated males only on PND 56.
Place preference (time spent in a nicotine-
paired chamber) was increased for DA-
treated females only on PND 200-240.

Alterations in densities of mossy fiber sprouting
and associated changes in specific hippocampal
regions with neonatal DA exposure.

Results suggested regional-specific cytoarchitectural
changes indicative of age-progressive
abnormal development/synaptic plasticity.

High dose of 0.2 mg/kg-day was
lethal to all offspring.
Hypoactivity in Figure-8 maze tests
at 0.1 mg/kg-day for both sexes.

DA-exposed rats tested on PND 13 preferred
the conditioned odor over a novel odor.
Co-treatment with (RS)-3-(2-Carboxypiperazin-4-
yl)-propyl-1-phosphonic acid (CPP), an antagonist
of N-methyl-d-aspartate (NMDA), eliminated
the difference in preference, while saline and
CPP controls preferred the novel test odor.

TABLE 5 | (Continued)
Reference Methods Outcomes at LOAEL LOAEL/NOAEL
Adams, Doucette, SC injection of 0 or 20 ug DA-treated males showed lower %PPI, while LOAEL=20ug/
and Ryan 2008 DA/kg-day on PND 8-14. treated females showed a higher baseline startle kg-day (SC)
Testing for prepulse inhibition response at the beginning of the session. [0.02mg/kg-day].
(PPI) of the acoustic startle NOAEL=NI.

LOAEL=20ug/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NI.

LOAEL=20pug/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NIL

LOAEL=20pg/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NI.

LOAEL=0.1mg/
kg-day (SC).
NOAEL=0.05mg/
kg-day (SC).

LOAEL=20pg/
kg-day (SC)
[0.02mg/kg-day].
NOAEL=NI.

Doucette SC injection of 0, 5, or 20 ug Seizure-like syndrome when neonatally- LOAEL=5.0pug/
et al. 2004 DA/kg-day on PND 8-14. treated adult animals given different kg-day (SC)
Observations and testing tests of spatial cognition. [0.005 mg/kg-day].
throughout study until Increased hippocampal mossy fiber NOAEL=NI
15months of age. staining, and reductions in cell counts.
Doucette IP injection of 0 or 0.05- The potency of DA-mediated neurotoxicity LOAEL=0.12mg/
et al. 2000 1.0mg DA/kg on one of decreased with increasing age. kg (IP on PND 0).
PND 0, 5, 14, or 22. Lowest reported ED, for behavioral score LOAEL=0.08 mg/
Additional experiment with was 0.12mg DA/kg bw IP on PND 0. No effect kg (SC on PND 8).
SC injection of 0.05-0.30mg level was not specified. Second experiment NOAEL=NI
DA/kgon PND 8 and 14. reported ED, of 0.08 mg DA/kg bw IP on (IP or SC).
Behavioral observations shortly PND 8, with no effect level not reported.
after experimental treatment.
(Continues)
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TABLE 5 | (Continued)
Reference Methods Outcomes at LOAEL LOAEL/NOAEL
Wang et al. 2000 SC injection of 0, 0.10, Dose-dependent behavioral changes at all LOAEL=0.10mg/
0.17,0.25,0.33, 0.42, and doses, starting 15 to 20 min post dosing. kg (SC on PND 7).
0.50mg DA/kg on PND 7. Histology of spinal cords from 0.33mg/ NOAEL=NI.

Behavioral evaluations
on all dose groups shortly
following treatment.
Electroencephalogram (EEG)
studies and histopathology
on 0.33mg/kg group only.

Xi, Peng, and
Ramsdell 1997

IP injection of 0.02-0.70 mg DA/
kg on PND 2, PND 5, or PND
10 (in several experiments).
At 1h post-treatment, whole
brain RNA extraction for
c-fos northern analysis.

At 72h post-treatment,
brain histochemistry.

kg dose revealed pathological changes
following DA exposure.
Altered EEG findings for 0.33 dose group beginning
between 10 and 20min post DA treatment.

LD, for single dose:
0.25mg DA/kg on PND 2
0.7mg DA/kg on PND 10
Increased total brain c-fos mRNA seen
with 0.1 mg DA/kg on PND 5.
Stereotypic behaviors observed with 0.1 mg DA/kg
PND 5. Effects at 0.2mg DA/kg onset more rapid
and more severe. No effect at 0.02mg DA/kg.

LOAEL=0.1mg/
kg (IP on PND 5).
NOAEL=0.02mg/
kg (IP on PND 5).

Behavioral observations on
PND 5, following injection.

and Ramsdell 2005). Routes of exposure included “bath” expo-
sure, microinjection, and IV injection. LOAELSs by route were:
0.09E-6 mg DA/embryo by IV, 0.13E-6 mg/kg DA by microinjec-
tion, and 0.25mM DA in the bath solution for larvae. Effects
reported included seizures, reduced startle response, altered
gene expression, reduced presence of reticulospinal neurons
and primarily motor neuron axon collaterals, and disrupted
myelination. See Table 4 for more details of study methods and
findings.

3.2 | Neonatal/Postnatal Exposure
3.2.1 | Rodents

Young pups were dosed with DA in 18 rodent studies, and later
assessed using behavioral and/or physiological studies at hours
to weeks post-dosing. Only one study was conducted in mice,
which was also the only study to use the gavage route (Sasaki
et al. 2021). The other 17 studies used the rat model, with dos-
ing by IP (Doucette et al. 2000; Xi, Peng, and Ramsdell 1997)
and/or SC injection (Adams, Doucette, and Ryan 2008; Adams
et al. 2009; Bernard et al. 2007; Burt, Ryan, and Doucette 2008a,
2008b; Doucette et al. 2004, 2000; Gill et al. 2009, 2012; Jandova
et al. 2014; Levin et al. 2006; Marriott et al. 2016; Perry, Ryan,
and Tasker 2009; Tasker et al. 2005; Thomsen et al. 2016; Wang
et al. 2000). Twelve of the 18 studies used a 0.02mg DA/kg bw-
day dose on each of postnatal days (PND) 8-14. Once established
as reliably resulting in DNT, in the absence of general offspring
or maternal toxicity, this dosing protocol was used for all but one
study published from 2005 through 2016. Dose and timing proce-
dures were selected to ensure detectable DNT.

Studies varied in the evaluations performed and in age(s) at
testing. Significant adverse effects included alterations in per-
ceptual processing, altered social behavior and spontaneous

activity patterns, increased stress-related behavior patterns and
seizure activity, and altered maze performance with impaired
responses to reversal challenges to previously learned mazes.
Measurable effects were reported on open-field behaviors as late
as PND 150 following dosing with 0.02mg DA/kg-day on PND
8-14 (Burt, Ryan, and Doucette 2008b). Tables 5 and 6 provide
more details of methods and outcomes for these studies, includ-
ing histopathology and biochemical results.

3.2.2 | Wild California Sea Lions (Zalophus
californianus)

DA toxicosis has been identified and studied in stranded ma-
rine mammals, most extensively in the California sea lion. Four
studies of young sea lions ranged in type from a case study of a
single individual to observations of larger populations of, or in-
cluding, immature animals (Goldstein et al. 2008, 2009; Krucik
et al. 2023; Simeone et al. 2019).

These wild animals were exposed to DA in utero and/or via their
mother's milk due to maternal consumption of a natural diet in-
cluding DA-contaminated marine organisms. Older immature
animals may also have been exposed by direct consumption of
a DA-contaminated diet. Exact dosing is unknown, but expo-
sure was inferred from the presence of Pseudo-nitzschia blooms
of identified toxigenic size class and environmental monitor-
ing in ocean waters near the sea lions' breeding and pupping
locations (Smith et al. 2023). One study measured DA in bodily
fluid samples from fetuses or pups (Goldstein et al. 2009). The
others presumed DA-exposure based on documented environ-
mental sampling and field observations, along with pathologi-
cal symptoms specifically characteristic of DA toxicosis (Krucik
et al. 2023; Simeone et al. 2019) and/or from identification of DA
in tissues collected from other animals rescued at the same time
and location (Goldstein et al. 2008).
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TABLE 6 | Neonatal exposure; Mice.

Reference Methods Outcomes at LOAEL LOAEL/NOAEL
Sasaki Gavage (oral) doses of 0 or 3.0mg No significant changes in performance PND 14:
et al. 2021 DA/kg at 2 or 10weeks of age on behavioral tests for animals LOAEL=NI.

(PND 14 or PNW 10 (adult)). exposed to DA on PND 14. NOAEL=3.0mg/kg (oral).

Behavioral testing at Males exposed to DA as adults showed Adult:
12-13weeks of age. altered performance on parameters LOAEL=3.0mg/kg (oral).
of light/dark transition and fear NOAEL=NI

conditioning. Females in this group
showed a significant effect on one
parameter of the open field test.

TABLE 7 | Wildlife; Marine mammals.

Reference

Species and population

Outcomes observed

Krucik et al. 2023

Simeone et al. 2019

Goldstein et al. 2009

Goldstein et al. 2008

California sea lion: case study
of a stranded, malnourished 7-
month old California sea lion.

Not able to be permanently released, the
animal was raised and cared for in captivity.
Exposure suspected to have occurred
prenatally and/or pre-weaning.

California sea lions with presumed
exposure to DA were cared for
at marine mammal centers.
Study population of 171 animals (all ages)
determined to be unsuitable for release.

California sea lions on San
Miguel Island, California.
Biological samples were analyzed
for DA content, as well as for other
contaminants and infectious diseases,
in a study population of 67 aborted and
live-born premature pups. Histopathology
studies were conducted on various
tissue samples (e.g., brain, placenta).

Rescued California sea lions of all ages
were studied while under care at The
Marine Mammal Center in Sausalito, CA.
In-life symptoms of neurotoxicity
were recorded and deceased
animals were necropsied.

DA exposure was not always documented
by tissue analysis, but inferred from
environmental conditions (i.e., Pseudo-
nitzschia bloom) at the time of rescue.

Observations noted during the life of this animal
were considered consistent with a hypothesis of
early-life environmental DA exposure associated
with adult-onset medial temporal lobe epilepsy.

Neurological symptoms were significantly more
likely among neonates than other age groups.
The most common symptom was seizure.

Of eight neonates dying during the study, six
exhibited neurological disease. Five of these six
were necropsied, with 3/5 showing central nervous
system and/or hippocampal lesions; one of these
three showed hippocampal-focused encephalitis
attributed specifically to DA toxicosis.

DA-producing algae were present in the
environment and in sea lion feces.

DA was detected in biological fluid
samples from 15/79 of tested pups.
Brain edema was observed in 6/9 prematurely
born pups with detectable DA levels in the
absence of other significant brain lesions.
2/5 placentas available for examination
contained detectable levels of DA. Both
had evidence of placental abruption.

19 immature animals (1 pup, 3 yearlings, and 15
juveniles or subadults) exhibiting chronic neurological
symptoms died in captivity. Symptoms included
seizures and severe behavioral abnormalities.
Brain lesions noted among these animals
included hemorrhage, edema, and mild
meningoencephalitis in parahippocampal regions.

Neurological effects were so profound as to cause death or pre-
clude release of surviving animals back to the wild after post-
stranding veterinary care. Effects included seizures (Goldstein

et al. 2008; Simeone et al. 2019), adult-onset medial tempo-
ral lobe epilepsy (Krucik et al. 2023), brain edema (Goldstein
et al. 2008, 2009), and hippocampal lesions including one animal
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with hippocampal-focused encephalitis (Simeone et al. 2019).
See Table 7 for more information on study populations and
observations.

4 | Discussion

All the animal studies following gestational or larval exposure to
DA (Tables 1-4) reported DNT. While adverse effects were not
detected at birth for prenatally-exposed monkeys (Burbacher
et al. 2019), the same cohort of exposed infants demonstrated
DNT at 1-2months postnatal age (Grant et al. 2019). All but one
study (Sasaki et al. 2021) of DA exposure in early postnatal life
(Tables 5-7) reported DNT effects of DA. While different studies
evaluated various specific effects, all of the observed outcomes are
consistent with consequences of the known action of DA as an ag-
onist of glutamate kainate receptors. Precise comparisons among
studies for NOAEL and LOAEL doses are complicated by species-
differences in DA TK parameters, which in turn influenced
choices for experimental route of exposure. Most of the experi-
mental animal studies were designed to investigate specific DNT
outcomes, rather than to establish a dose-response relationship.

4.1 | Gestational or Larval Experimental
Exposures

The similarities between macaque monkeys and humans in TK
models for oral DA exposure support experimental non-human
primates as a particularly relevant model for gestational expo-
sure linked to DNT (Jing et al. 2018; Shum et al. 2020). Data
from other laboratory and wild species provide considerable
supporting evidence for DNT following developmental exposure
to similar dose levels of DA.

Impairment of recognition memory was found in 1-2month-
old M. fascicularis following repeated daily prenatal exposure
to DA (Grant et al. 2019). The NOAEL from this study was
0.075mg/kg bw-day, which is 10 times lower than the adult
NOAEL of 0.75mg/kg bw used to establish the TDI by the State
of Washington (Marien 1996).

The prevalence of parenteral routes of exposure in the studies of
gestational exposure to DA in laboratory rats and mice may reflect
the findings of reduced DA absorption from the rodent gut as com-
pared to humans and other primates (Iverson and Truelove 1994).
Only one of five rodent injection studies administered a range of
DA doses to pregnant rats (Levin et al. 2005). The study reported
a NOAEL dose for DA of 0.3mg/kg on GD 13, with a LOAEL of
0.6mg/kg. Other investigators chose a single dose, selected to in-
duce DNT outcomes in the absence of other observed toxic effects
in offspring or maternal animals, and given to mice on a single ges-
tation day (Dakshinamurti et al. 1993; Mills et al. 2016; Tanemura
et al. 2009; Zuloaga et al. 2016). Results were generally consistent
across these studies, even including the one oral mouse study
(Shiotani et al. 2017), with LOAEL doses ranging from 0.6-1.5mg/
kg bw. Observed effects of DA included altered maze performance,
locomotor impairments, reduced social behaviors, altered func-
tional connectivity patterns and sensorimotor gating, effects on

learning and anxiety behaviors, reduced seizure thresholds, and
altered histopathology including myelination failure.

All but one zebrafish study was conducted by injection, either
into a fertilized egg or embryo (Tiedeken and Ramsdell 2007;
Tiedeken, Ramsdell, and Ramsdell 2005) or into a larval vein
(Panlilio, Aluru, and Hahn 2020; Panlilio et al. 2023, 2021).
While TK data for DA in zebrafish are not available, observations
of excitotoxicity in adult anchovies given DA by intracoelomic
injection suggested that fish may differ from mammals in distri-
bution of absorbed DA, rather than in resistance to DA neurotox-
icity (Lefebvre 2001). Zebrafish demonstrated similar symptoms
and sensitivity to DA as other species studied (Panlilio, Aluru,
and Hahn 2020; Tiedeken, Ramsdell, and Ramsdell 2005).
(Panlilio, Aluru, and Hahn 2020) expressly chose test doses “sim-
ilar to those causing behavioral effects in developing [neonatal]
rodents,” while also below levels “associated with acute toxicity
in adult humans.”

4.2 | Postnatal Experimental Exposures

Sasaki and colleagues administered a single oral dose of DA
(3.0mg/kg) to mice either on PND 14 or at 10weeks postnatal
age (adult), and conducted behavioral testing at 12-13weeks
postnatal age (Sasaki et al. 2021). In seeming contradiction to
the generally greater sensitivity of immature individuals, ef-
fects on test performance were noted only in animals treated
as adults. Treatment on PND 14, however, may have missed
the critical window for irreversible developmental DA effects,
while at the same time leaving 10weeks for possible repair of
transitory effects before testing at 12weeks. The adult animals
treated at 10weeks had only two weeks recovery time before
testing.

All of the early life experimental studies performed in rats
used an injection method of DA exposure, with most giving
repeated doses of 0 or 0.02mg/kg-day on each of PNDs 8-14
(Adams, Doucette, and Ryan 2008; Adams et al. 2009; Bernard
et al. 2007; Burt, Ryan, and Doucette 2008a, 2008b; Doucette
et al. 2004; Gill et al. 2009, 2012; Marriott et al. 2016; Perry,
Ryan, and Tasker 2009; Tasker et al. 2005; Thomsen et al. 2016).
The lowest identified adverse effect dose for postnatal rat studies
found seizure-like activity and altered hippocampal histopathol-
ogy in adult animals following neonatal exposure to 0.005mg/
kg-day on PND 8-14 (Doucette et al. 2004).

4.3 | Wild Sea Lions, Pre- and Post-Gestational
Environmental Exposures

Wild California sea lions are large placental mammals, whose
natural diet contains many of the same seafood species humans
also enjoy eating. The Channel Islands off the coast of Santa
Barbara, California, and surrounding waters are a primary
breeding and pupping ground for these animals. Recurring
Pseudo-nitzschia blooms have affected the area in recent de-
cades, causing serious harm to sea lions as well as other wild
species (Brodie et al. 2006; Goldstein et al. 2008).
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A survey of pregnant female sea lions stranded during
California's Pseudo-nitzschia blooms of 1998 and 2002 found 209
cases of reproductive failure attributed to DA exposure (Brodie
et al. 2006). Types of reproductive failure included spontaneous
abortion, premature live birth, fetal death, and maternal death
prior to parturition. Another study specifically assessed DA con-
tents in fetuses and fetal membranes from stranded pregnant
females (Lefebvre et al. 2018). Although these studies did not
assess DNT, they do provide context for evidence from surviv-
ing pups. In particular, the analysis of fetal body fluids demon-
strated detectable levels of DA up to 8days following maternal
rescue (i.e., post cessation of environmental exposure).

Sea lion pups believed to have been exposed to DA, prena-
tally and/or neonatally, exhibited clinical symptoms and post-
mortem brain pathology consistent with DA toxicosis (Goldstein
et al. 2008, 2009; Krucik et al. 2023; Simeone et al. 2019). Beyond
evidence that DA exposure occurred or was likely, quantitative
exposure assessment for environmentally-exposed sea lions is
not possible. Thus, direct comparisons cannot be made to ad-
verse effect doses of DA identified for humans or experimental
animal species. Additional complicating factors for assessment
of sea lion data are the frequency of concurrent infections (e.g.,
bacterial, protozoal, viral), and contamination of the same
habitat with chemicals such as DDTs and PCBs (Goldstein
et al. 2009).

4.4 | Life Course Considerations for Sensitivity
to DA

The importance of a specific developmental stage to outcomes
resulting from toxic exposures is a foundational principle of de-
velopmental toxicology (NRC 2000). The evidence summarized
in this paper (Tables 1-7) supports a peak of susceptibility to DA
during prenatal and/or early postnatal development, when de-
veloping vertebrate nervous tissues are most vulnerable.

Gestation and early infancy are not the only life stages with en-
hanced sensitivity to the neurological effects of DA. Exposures to
DA late in life are also of elevated concern (Hendrix et al. 2023).
An association between increased severity of effects and ad-
vanced age was noted in the initial sample of acutely poisoned
adult humans (Perl, Bedard, Kosatsky, Hockin, Todd, Remis,
et al. 1990; Wekell, Hurst, and Lefebvre 2004). All three patients
who died in the hospital were over the age of 70, while only
four of 19 hospitalized patients were under the age of 65. The
younger hospitalized patients all had preexisting medical con-
ditions, notably compromised kidney function. Experiments in
mice compared sex and age for influence on sensitivity to effects
of DA (Hendrix et al. 2023). Aged mice were found to be more
susceptible to acute DA neurotoxicity than young adult mice,
and females more sensitive than males. The older animals also
accumulated higher concentrations of DA in serum and tissues
compared to younger animals.

Concern has also been expressed for consequences of repeated,
chronic exposures of healthy adult human populations to DA
at levels below regulatory limits. A minimal, but detectable,
memory decline was associated with repetitive sub-acute, di-
etary exposures to DA at levels below established allowable

concentrations in the seafood consumed (Grattan et al. 2021;
Stuchal et al. 2020). These effects were observed in a cohort of
500 adult Native American tribal members residing in coastal
areas of the Pacific Northwest, who were studied over a period
of 8 years, and who otherwise exhibited stable cognition.

5 | Conclusions

For any toxin, adverse effect dose levels can vary with exposure
patterns, the sensitivity of target tissues, as well as with TK fac-
tors such as rates of absorption and elimination. Apart from
genetic variation within and between populations, life course
considerations are critical for determining the sensitive win-
dows for exposure to toxins (Halfon et al. 2018; Schaffer, Smith,
and Faustman 2017).

Internationally, government agencies as well as individual re-
searchers have opined that current regulatory standardsfor DA in
seafood, which have not been revisited since initial implementa-
tion, may be insufficient to protect exposed individuals at all life
stages and/or patterns of consumption (COT 2001; EFSA 2009;
Grattan et al. 2021; Wekell, Hurst, and Lefebvre 2004).

Current US federal action levels for DA are based on a LOAEL
of 1.0mg DA/kg bw, adjusted by a 10-fold UF for within-species
variation to a tolerable dose of 0.1 mg DA/ kg bw (DHHS 1993).
The European Union adopted the Health Canada and US FDA
regulatory limit of 20ppm for DA in bivalve shellfish in 1997
(COT 2001; EU. 1997). The United Kingdom Food Standard
Agency Committee on Toxicity (COT) (COT 2001), and the
European Food Safety Authority Panel on Contaminants in the
Food Chain (EFSA) (EFSA 2009), reviewed the regulatory limit
for DA. Both groups considered an UF of 10 to be inadequate.
The COT concluded that, while the action level “may protect
against major outbreaks,” it provides a “pragmatic guideline
rather than a toxicologically based limit.” EFSA noted that
sensitive indicators of adverse neurological effects were not as-
sessed in affected people during the 1987 ASP outbreak. EFSA
recommended lowering the action limit to 4.5ppm in shellfish
meat, based on a 60kg body weight, a 400g meal size, and an
additional UF of three to extrapolate from a LOAEL.

In addition, or alternatively, to changing regulatory action levels,
public health outreach to communities and groups at risk of DA-
toxicity has been recommended (Grattan et al. 2021). Clinicians
caring for patients sickened after consumption of seafood, partic-
ularly shellfish, could benefit from raised awareness of DA tox-
icity. Initial symptoms of general acute gastrointestinal illness
combined with the rapid clearance of DA from the body may
complicate accurate diagnosis (CPCS 2016). An example of rele-
vant outreach is provided by the Washington State Department
of Health, which issued an interim health advisory for regular
consumers of razor clams containing allowable levels of DA rec-
ommending that consumers “..eat no more than 15 razor clams
each month for 12 consecutive months...” (WADOH 2023).
While the interim advisory is intended for everyone, sensitive
subpopulations are specified: “..especially women who are or
might become pregnant, nursing mothers, children, the elderly,
and people with compromised renal function.” Similar public
health messaging on all potentially impacted types of seafood
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could be made more widely available through relevant agencies
in affected states, and through educational materials for health
professionals serving sensitive populations.
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