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Abstract

Domoic acid (DA) is a neuroexcitotoxic amino acid that is naturally produced by some species of 

marine diatoms during harmful algal blooms (HABs). The toxin is transferred through the food 

web from plantivorous fish and shellfish to marine mammals resulting in significant morbidity and 

mortality. Due to the timing and location of DA producing HABs, it is well documented that 

pregnant female California sea lions (CSL) are regularly exposed to DA through their diet thereby 

posing exposure risks to a neuroteratogen in developing fetuses. In the present study, fluids from 

36 fetuses sampled from naturally exposed pregnant CSLs were examined for DA. Domoic acid 

was detected in 79% of amniotic fluid (n=24), 67% of allantoic fluid (n=9), 75% of urine (n=4), 

41% of meconium (n=17) and 29% of stomach content (n=21) samples opportunistically collected 

from CSL fetuses. The distribution of DA in fetal samples indicates an increased prenatal exposure 

risk due to recirculation of DA in fetal fluids and continuous exposure to the developing brain.

Introduction:

Domoic acid (DA) is a potent glutaminergic excitatory neurotoxin that is naturally produced 

by some species of marine diatoms in the genus Pseudonitzschia (Bates, 2000; Berman and 

Murray, 1997). The toxin accumulates in planktivorous finfish and shellfish such as 

anchovies, sardines, clams, mussels and scallops resulting in trophic transfer to marine 

mammals and humans (Andjelkovic et al., 2012; Bejarano et al., 2008b; James et al., 2005; 

Lefebvre et al., 2002). Domoic acid toxicosis was first characterized in humans in 1987 

when over 100 people became ill after consuming DA-contaminated mussels (Perl et al., 

1990; Wright et al., 1989). Since then, increasingly frequent Pseudonitzschia blooms along 
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the west coast of the United States have resulted in repeated exposure of marine mammals to 

DA, causing widespread mortality, especially of California sea lions (CSL, Zalophus 
californianus) (Bejarano et al., 2008a; Scholin et al., 2000). These blooms have resulted in 

closures of many seafood fisheries to protect human health, with levels of 20 ppm set as the 

regulatory limit in seafood destined for human consumption (McCabe et al., 2016).

Domoic acid has also been implicated in intrauterine fetal death, abortions, and neonatal 

death in sea lions when DA exposure occurred during pregnancy (Brodie et al., 2006). In 

these cases, DA was detected in fetal sea lion fluids including amniotic fluid (Brodie et al., 

2006). Domoic acid in amniotic fluid raises concern that fetal sea lions could be exposed 

during development by ingestion of contaminated amniotic fluid. Such exposure is of 

concern as in utero DA exposure in rodent models has been shown to reduce the number of 

live fetuses brought to term and is associated with post natal hippocampal damage, and 

lasting behavioral effects (Dakshinamurti et al., 1993; Doucette and Tasker, 2016). Domoic 

acid toxicity models in rodents have been extrapolated to predict similar toxicity from in 
utero exposure in CSLs (Ramsdell and Zabka, 2008). In a rat exposure model, it was 

suggested that recirculation of DA from the amniotic fluid may result in greater fetal 

sensitivity to low doses of DA as a result of repetitive exposure during gestation (Maucher 

Fuquay et al., 2012).

In human seafood consumers, low dose exposures are more likely to occur than high 

exposures due to regulatory measures that protect against high-level exposures that are 

known to induce excitotoxic symptoms such as seizures (Lefebvre and Robertson, 2010). A 

recent shellfish consumption study reports that some razor clam consumers (including 

women of childbearing age) in the Pacific Northwest (USA) are chronically exposed to low 

levels of DA for multiple consecutive months and/or sporadically exposed to levels above 

the currently established tolerable daily intake limit (0.075 mg/kg) due to high razor clam 

consumption and DA levels retained in clams (Ferriss et al., 2017; Marien, 1996). 

Additionally, a recent long term exposure study in mice revealed significant cognitive 

deficits after six months of weekly exposures to low levels of DA (doses below those that 

elicit visible signs of excitotoxicity) (Lefebvre et al., 2017). Accordingly, public health 

advisories have recently included warnings for pregnant women consuming legally 

harvested shellfish at a rate of more than 15 clams per month per year (Washington State 

Department of Health October 7, 2016 https://www.doh.wa.gov/Portals/1/Documents/1600/

NewsReleases/2016/16-116-RazorClamsAdvisoryNewsRelease.pdf).

In this study, DA levels were quantified in fetal fluids collected opportunistically from 

naturally exposed pregnant sea lions to characterize fetal DA exposure risks in 

environmentally relevant conditions. Pathways for DA recirculation and fetal exposure are 

proposed based on these findings of DA distribution in fetal fluids.

Methods:

Sample Collection

A combination of amniotic fluid, allantoic fluid, urine, meconium and/or stomach content 

samples were opportunistically collected from 36 California sea lion fetuses. The fetus with 
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intact placenta and fetal membranes was removed from the gravid uterine horn of adult 

female sea lions that stranded along the central California coast and either died or were 

euthanized due to poor prognosis based on their clinical signs of DA toxicosis as defined in 

Goldstein et al (Goldstein et al., 2008). In some cases, fetuses were also collected when 

adult females aborted. Amniotic and allantoic fluids were collected by sterile hypodermic 

syringe from the appropriate fetal membrane compartment while urine was collected from 

the fetal urinary bladder, and meconium from the rectum upon dissection of the fetus.

Quantification of Domoic Acid

Domoic acid was extracted from amniotic fluid, allantoic fluid, urine, meconium and/or 

stomach content samples in 50% methanol in a 1:4 wt:wt ratio, followed by homogenization 

for 1 minute using a LabGEN 700 110V homogenizer with a stainless steel 10 mm rotor-

stator generator probe tip. Homogenized samples were then centrifuged at 5,000 rpm for 20 

minutes in a DuPont Sorvall RC-5C Plus, and filtered through a 0.22 membrane 

microcentrifuge tube filter (Millipore Ultra-Free MC-GV centrifugal filters). Samples were 

then diluted in 10% methanol in PBS-T at ratios of 1:10 for amniotic fluid, allantoic fluid 

and urine samples, and at ratios of 1:100 and 1:50 for meconium and stomach content 

samples, respectively. Domoic acid levels were quantified using commercially available 

Biosense (ASP) enzyme-linked immunosorbent assay (ELISA) kits (www.abraxiskits.com).

Selected fetal samples (n = 1 urine; n = 5 allantoic fluid; n = 5 amniotic fluid) were also 

analyzed via LC/MS-MS methods for confirmation. For LC/MS-MS quantification, the 

above samples were extracted with 100% methanol at 1:1 v/v ratio. Samples were 

centrifuged at 16,100 g for 15 minutes to precipitate protein. Clear supernatant was collected 

for analysis. Standard curves were prepared in naïve human urine with spiked domoic acid 

concentration ranging between 0.3 – 40 ng/mL. Domoic acid was quantified in extracted 

samples using AB Sciex 6500 qTrap Q-LIT mass spectrometer (AB Sciex, Foster City, CA) 

in line with a Shimadzu UFLC XR DGU-20A5 (Shimadzu Scientific Instruments, 

Columbia, MD). Analytes were separated using Synergi™ Hydro-RP 100 Å LC column (2.5 

μm, 50 × 2 mm; Phenomenex) with a guard cartridge (2 × 2.1mm, sub 2μm; Phenomenex). 

A gradient elution at 0.5 mL/min initiated with 95% A (A = water with 0.1 formic acid) and 

5% B (B= 95:1 (v:v) acetonitrile and water with 0.1% formic acid) for 1 minute, increased 

to 100% B by 4 minutes, returned to 5% B by 5 minutes and continued to run at initial 

conditions until 9 minutes. Domoic acid was detected using positive ion electrospray 

ionization at the mass transitions (m/z): 312 → 266. The method was validated according to 

the FDA guidance for bioanalytical method validation and had <20% CV% at all 

concentrations quantified. The Limit of quantification for the method was 2.5ng/mL.

Results:

Table 1 summarizes the DA levels quantified in all fetal samples analyzed. As samples were 

obtained opportunistically not all matrices were available for each fetus (amniotic fluid n = 

24; allantoic fluid n = 9; urine n = 4; meconium n = 17; and stomach contents n = 21). 

Domoic acid was detected in 79% of amniotic fluid samples, 67% of allantoic fluid samples, 

75% of urine samples, 41% of meconium samples, and 29% of stomach content samples 
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examined (Figure 1). In six fetuses from which at least four matrix types were available for 

testing, the highest levels of DA were detected in allantoic fluid (Table 1). A comparison of 

DA levels quantified in four fetuses that had detectable levels of DA in both allantoic and 

corresponding amniotic fluids revealed consistently higher toxin levels in allantoic fluids 

(Figure 2).

Domoic acid levels in ten fetal fluid samples selected for validation via LC/MS-MS analyses 

are shown in parenthesis in Table 1. Limits of detection were lower for ELISA than LC/MS-

MS, but linear regression for ELISA and LC/MS-MS values confirmed a significant 

relationship (p = 0.003; R square = 0.69; Figure 3) and provided confirmation of DA 

positive samples. Five of the seven fluid samples positive for DA via ELISA were also 

positive via LC/MS-MS although two of those were below the limit of quantification (BLQ) 

by LC/MS-MS (Table 1). In all but one case, ELISA values were higher than corresponding 

LC/MS-MS values and the fold-change for DA positive samples by ELISA and LC/MS-MS 

was 2.3 ± 1.9 (mean ± sd). Two samples (12510-F and 10832-F) with the lowest DA values 

reported via ELISA, were below detection limits (ND=not detected) of LC/MS-MS. All 

samples positive via LC/MS-MS were also quantifiable via ELISA.

Discussion:

Initial exposure of fetal sea lions to DA presumably results from placental transfer of DA in 

blood from mother (post ingestion) to fetus. Once in the fetal blood stream, the dynamics of 

DA metabolism are unknown but recirculation of DA can be inferred from the levels 

reported here and the anatomy of fetal structures. The sea lion has a zonary 

endotheliochorial placenta, with an allantoic sac surrounding the amnion (Talent and Talent, 

1975). The detection of DA in fetal meconium and urine indicate that fetal sea lions are 

excreting DA through the kidneys and gastrointestinal tract, as is expected from distribution 

studies in laboratory rodents and primates (Iverson et al., 1989; Suzuki and Hierlihy, 1993). 

When excreted in fetal urine, DA accumulates in the allantois, and when excreted in 

meconium during fetal stress, DA could reach the amniotic fluid (Figure 4). The presence of 

DA in allantoic and amniotic fluids suggest there is transfer of DA between these two 

compartments. Once in amniotic fluid, sea lion fetuses can be re-exposed to DA following 

swallowing of amniotic fluid during gestation. Thus DA can be recirculated through the 

gastrointestinal tract, allowing for continuous exposure of the developing fetus (Figure 4).

These data indicating recirculation of DA in fetal fluid compartments suggest that any 

ingestion of even low levels of DA by pregnant females poses a risk of DA exposure to the 

developing fetal brain (Figure 4). This is consistent with previous laboratory studies in 

rodent models that have documented maternal transfer of DA to the developing fetus and 

postnatal neurologic effects of intrauterine exposure including progressive hippocampal 

injury (Dakshinamurti et al., 1993), impairments in locomotor and cognitive domains (Levin 

et al., 2005), severe learning and memory impairment (Tanemura et al., 2009), and 

diminished social investigation and altered sensorimotor gating (Zuloaga et al., 2016). These 

effects of intrauterine exposure occurred after intravenous (IV), intraperitoneal (IP) or 

subcutaneous (SC) injection of DA in pregnant females at doses that did not elicit visible 
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signs of toxicosis in the dams, emphasizing the likelihood that fetal sea lions are affected by 

DA even when acute excitotoxic DA symptoms are not obvious in adult pregnant sea lions.

Further evidence supporting the hypothesis that low level DA exposure in pregnant females 

can have persistent effects in offspring was observed in a recent oral gavage study by 

Shiotani et al (2017). Pregnant mice were orally exposed to DA at doses that did not induce 

visible signs of excitotoxicity in the dams (1 and 3 mg/kg). The offspring were then tested at 

multiple time points (early development, adolescence, and adulthood) for lasting 

neurobehavioral consequences after exposure during gestation. Both dose and sex related 

differences where observed in motor coordination, circadian activity patterns, and 

exploratory behavior (Shiotani et al., 2017). This study was particularly valuable in that the 

oral exposure doses in pregnant mice were very low at 1 and 3 mg/kg and comparable to 

predicted human exposure levels of 0.045 (Costa et al., 2010)and 0.075 mg/kg (Ferriss et al., 

2017) especially in light of the fact that humans exhibit excitotoxic symptoms at oral DA 

doses at least ten times lower than rodents (Iverson et al., 1989; Lefebvre and Robertson, 

2010; Perl et al., 1990; Teitelbaum et al., 1990; Todd, 1993). Persistent neurobehavioral 

effects observed at these low maternal doses not only emphasizes that sea lion offspring are 

likely impacted due to the prevalence of DA in sea lion prey, but also suggests risks of fetal 

exposure in human seafood consumers (Ferriss et al., 2017; Grattan et al., 2016).

Conclusion:

California sea lion fetuses are exposed to DA during harmful algal bloom events. The 

varying levels of DA in fetal fluids with highest levels in allantoic fluid suggest that DA is 

excreted by the fetal kidney to the urine and then to the allantoic sac. Domoic acid is also 

detected in amniotic fluid after passage through the fetal gastro-intestinal tract. Re-ingestion 

of amniotic fluid by the fetus results in sustained exposure of the fetus throughout gestation 

(Figure 4). Sustained DA exposure in utero presents an increased exposure risk to 

developing fetuses when pregnant animals are exposed to DA in their diet that likely exceeds 

the risk to postnatal animals. It also indicates that even sub-clinical exposures to pregnant 

females could have lasting health impacts on offspring. These findings in naturally exposed 

CSLs have implications for health risks in other marine mammal species as well as for 

human seafood consumers.
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Figure 1: 
Pie graphs showing the proportion of samples containing quantifiable levels of domoic acid 

(gray shaded area) for each of the five sample matrices examined; amniotic fluid (n=24), 

allantoic fluid (n=9), urine (n=4), meconium (n=17), and stomach contents (n=21).
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Figure 2: 
Domoic acid (DA) levels detected in allantoic and amniotic fluid samples from the four 

California sea lion (CSL) fetuses that had quantifiable levels of toxin in both corresponding 

fluids. Domoic acid levels were consistently higher in allantoic fluids.
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Figure 3: 
Linear regression of domoic acid (DA) levels quantified via Enzyme-Linked Immunosorbent 

Assays (ELISA) and Liquid Chromatography Mass Spectrometry (LC/MS-MS) for ten 

California sea lion fetal fluid samples (p = 0.003; R square = 0.69).
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Figure 4: 
Schematic of domoic acid (DA) transfer from maternal blood to the developing fetus 

followed by recirculation of DA through fetal fluids and continuous exposure to the fetal 

brain. Curved arrows represent potential pathways of recirculation. Recirculation via 

meconium would only occur under fetal stress.
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Table 1:

Domoic acid (DA) levels quantified in samples from 36 California sea lion fetuses analyzed via Enzyme-

Linked Immunosorbent Assays (ELISA). Ten samples were also analyzed via Liquid Chromatography Mass 

Spectrometry (LC/MS). DA concentrations are in ng/ml. LC/MS confirmation values are shown in 

parentheses. ND = not detected. +BLQ = DA detected but below the level of quantification.

Fetus ID # Amniotic fluid Allantoic fluid Urine Meconium Stomach Content

10514-F 1.2 ND (ND) 0.5 ND ND

10487-F ND (ND) 0.4 0.4 10.9

13183-F 6.8 (4.2) 26.5 (21.2) 8.8 8.9

13305-F 0.8 1.3 4.6 3.1

12006-F 0.6 ND ND ND

10837-F 2.1 9.9 (22.6) ND 2.3

12817-F 0.8 ND ND

10787-F ND ND ND

13020-F ND (ND) ND ND

10532-F 5.9 8.6 ND

12510-F 2.3 3.1 (ND)

7159-F ND ND

6855-F 4.1 (+BLQ) ND

6856-F 1.9 3.3

11478-F 0.5 2.3

7167-F ND ND

10840-F ND ND

10889-F ND ND

11114-F 6.0 2.8

12846-F ND ND

11131-F 8.9 ND

10909-F ND ND

6451-F ND

10708 7.8

10879-F 0.8

12793-F 0.6

12806-F 0.6

6857-F 3.8

6860-F 0.5

7147-F 5.1 (+BLQ)

7160-F 0.5

7616-F 0.4

10832-F 2.5 (ND)

11143-F 57.5

11003-F ND

10503-F ND
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