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A B S T R A C T

Domoic Acid (DA) is a naturally-occurring excitotoxin, produced by marine algae, which can bioaccumulate in
shellfish and finfish. The consumption of seafood contaminated with DA is associated with gastrointestinal ill-
ness that, in the case of high DA exposure, can evolve into a spectrum of responses ranging from agitation to
hallucinations, memory loss, seizures and coma. Because algal blooms that produce DA are becoming more
widespread and very little is known about the dangers of chronic, low-dose exposure, we initiated a preclinical
study focused on the reproductive and developmental effects of DA in a nonhuman primate model. To this end,
32 adult female Macaca fascicularis monkeys were orally exposed to 0, 0.075 or 0.15 mg/kg/day DA on a daily
basis, prior to and during pregnancy. Females were bred to non-exposed males and infants were evaluated at
birth. Results from this study provided no evidence of changes in DA plasma concentrations with chronic ex-
posure. DA exposure was not associated with reproductive toxicity or adverse changes in the physical char-
acteristics of newborns. However, in an unanticipated finding, our clinical observations revealed the presence of
subtle neurological effects in the form of intentional tremors in the exposed adult females. While females in both
dose groups displayed increased tremoring, the effect was dose-dependent and observed at a higher rate in
females exposed to 0.15 mg/kg/day. These results demonstrate that chronic, low-level exposure to DA is asso-
ciated with injury to the adult CNS and suggest that current regulatory guidelines designed to protect human
health may not be adequate for high-frequency shellfish consumers.

1. Introduction

The six oceans of the world, the Arctic, Atlantic, Indian, Pacific and
Southern, cover over 70% of the planet's surface and comprise the
largest ecosystem on earth. Within the ocean environment, there are
thousands of microalgae species that play a positive role in producing
thriving fisheries and rich feeding grounds for marine animals and
seabirds. There are also a small number of microalgae that produce
dangerous biotoxins and these species are referred to as Harmful Algal
Blooms (HABs) (Centers for Disease Control and Prevention, 2017;
Wells et al., 2015). HABs have been linked to large-scale killings of
wildlife and are responsible for over 60,000 cases of human poisoning
each year (Berdalet et al., 2016; Grattan et al., 2016; Stommel and
Watters, 2004). Domoic Acid (DA), the focus of this paper, is a

naturally-occurring neurotoxin that is produced by harmful algae in the
genus Pseudo-nitzschia (Bates et al., 1989; Garrison et al., 1992). A
member of the kainoid class of excitatory neurotransmitters, DA is
transferred up the food chain through bioaccumulation and elevated
levels have been documented in mussels, oysters, razor clams, scallops,
sardines, anchovies, crab and lobster. Shellfish and small finfish accu-
mulate this toxin because they feed on the toxic algae that produce DA,
and the primary route of exposure for humans is the consumption of
contaminated shellfish meat and viscera (Lefebvre and Robertson,
2010). The algal blooms that produce this marine biotoxin are be-
coming more frequent, and in the summer of 2015, a Pseudo-nitzschia
bloom off the Western coast of the United States was so massive it
extended from the central California coast to the Alaska Peninsula and
triggered an unprecedented number of beach closures to shellfish
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harvesting (McCabe et al., 2016). Warm ocean conditions and nutrient
enrichment from seasonal upwelling have been identified as factors that
are driving the increased occurrence and severity of these damaging
blooms (Mckibben et al., 2017; Zhu et al., 2017).

Exposure to DA can cause illness and death in humans and animals
and is a growing public health concern in many coastal dwelling
communities (Lefebvre and Robertson, 2010; Ramsdell and Gulland,
2014). The largest human episode of DA poisoning occurred on Prince
Edward Island in Canada with 153 cases of acute intoxication and 4
deaths after victims consumed a meal of contaminated mussels (Perl
et al., 1990b; Perl et al., 1990a). The outbreak in Canada provided vital
data on acute, high-level exposure, and estimated patient exposures
ranged from 60 to 290 mg DA/patient or about 1 to 5 mg/kg for a 60 kg
person (Jeffery et al., 2004; Perl et al., 1990a). Subjects with overt
symptoms of DA poisoning exhibited effects characterized by initial
gastrointestinal illness (e.g. nausea, vomiting, diarrhea) that in some
cases, evolved into a spectrum of responses ranging from agitation/
confusion to hallucinations, memory loss, seizures and coma
(Teitelbaum et al., 1990b; Teitelbaum et al., 1990a). The term Amnesic
Shellfish Poisoning originated from clinical observations that memory
functions were significantly impaired in some DA-sickened patients,
even after recovery from overt signs of illness. Patient autopsies re-
vealed neuronal loss and necrosis that were concentrated primarily in
the amygdala and hippocampal regions of the brain. While there have
been no significant, verified episodes of human DA poisoning since
1987, rising DA levels in ocean waters have been associated with the
large-scale killing of marine mammals and seabirds (Lefebvre et al.,
2016; Lefebvre et al., 2002). It has been suggested that ocean-dwelling
wildlife are acting as sentinel species for the human health risks asso-
ciated with exposure to this dangerous and increasingly widespread
neurotoxin (Backer and Miller, 2016; Bossart, 2011). Over 123 million
Americans live in a county directly on the shoreline (National Ocean
Service, National Oceanic and Atmospheric Administration NOAA
(2014)). Thus, the physical well-being of marine mammals who inhabit
the same coastal environments as humans is vitally important to un-
derstanding the biological threat that DA poses to human health.

In an effort to protect human health from the adverse effects of
acute high-level DA exposure, regulatory and environmental protection
agencies have established a threshold of 20 ppm in razor clam meat as
the level at which coastal beaches are closed to commercial and re-
creational shellfish harvesting (Mariën, 1996; Wekell and Hurst, 2004).
This level is based on estimates of DA exposure and effects from the
Prince Edward Island poisoning. Researchers and environmental health
agencies have also proposed various estimates of DA intake that protect
public health. Proposed estimates for repeated exposure to DA or the
Tolerable Daily Intake (TDI) vary from 0.075 to 0.1 mg/kg/day. These
values are based on data from the Prince Edward Island poisoning or
results from laboratory studies using nonhuman primates (Toyofuku,
2006; Mariën, 1996). On the Western coast of the United States, more
frequent algal blooms are resulting in the persistent contamination of
shellfish with detectable levels of DA that do not reach the 20 ppm
threshold. Individuals who regularly harvest and consume shellfish
with elevated, but permissible levels of DA (under 20 ppm), are being
chronically exposed to this marine biotoxin (Ferriss et al., 2017).
Coastal-dwelling tribal nations are at particularly high-risk for long-
term, low-dose exposure because of their reliance on the ocean as an
essential economic resource, foundation of cultural identity and year-
round food source. A dietary survey of tribal members living on three
Native American reservations in Washington State found that 84% of
respondents indicated recent razor clam consumption (Boushey et al.,
2016; Fialkowski et al., 2010). The impact of chronic DA exposure was
recently studied in these communities and exposure (as measured by
the consumption of razor clams) was associated with decrements in
memory that were serious enough to affect everyday living skills
(Grattan et al., 2016, 2018). This striking research finding suggests that
chronic exposure to low-level DA from harvested shellfish is not

without risk to the adult central nervous system. The growing sig-
nificance of DA as an environmental threat demands that contemporary
exposure scenarios be considered in the development of regulatory
thresholds to protect human health. Very little is known about the
impact of chronic, lower-level oral exposure and this is particularly the
case for sensitive subgroups such as the developing fetus, infants and
elders.

While preclinical work has been extremely valuable in defining the
health risks of DA exposure, most studies have focused on the effects of
acute, high-dose exposures in adult subjects using non-oral routes of
exposure such as intraperitoneal (IP) and intravenous (IV) treatment
(Grant et al., 2010). Reported signs of DA toxicity in mature monkeys
and rodents are similar to those observed in the human poisoning cases
and effects include hippocampal damage, adverse neurological effects
(e.g. seizures) and the disruption of cognitive processes (Lefebvre et al.,
2017; Scallet et al., 2004; Scallet et al., 1993; Tryphonas et al., 1990a,
1990b). The reproductive and developmental effects of DA exposure
have not been studied in humans or nonhuman primates, but the pre-
clinical rodent literature suggests a marked fetal vulnerability
(Dakshinamurti et al., 1993; Xi et al., 1997). Consequences of early life
exposure include hippocampal damage (sometimes progressive in
nature), seizure disorders and persistent changes in a number of be-
havioral domains, particularly memory, social behavior and emotional
reactivity (see Doucette and Tasker, 2016 for review). Adverse effects in
young animals are observed at levels of exposure up to 40 times lower
than those required to produce neurotoxicity in adults.

The protection of human health, particularly in vulnerable groups
such as developing fetuses, will depend upon our understanding of this
chemically-complex compound when ingested orally at low doses on a
chronic basis. To address this growing public health concern, we in-
itiated a longitudinal, birth-cohort study to investigate the maternal
reproductive and offspring developmental effects of chronic, low-level,
oral DA exposure in nonhuman primates. Preclinical model systems
offer the ability to control many of the confounding environmental
variables that can adversely impact sensitive outcome measures in
human epidemiological studies and can provide an important connec-
tion between brain and behavior (Thompson et al., 2009). In this in-
vestigation, we selected the macaque monkey to model human ex-
posure effects over pregnancy because of shared reproductive attributes
between the two species (e.g. similarities in the morphology and phy-
siology of the ovaries, the presence of discoid, hemochorial placentas
and prolonged pregnancies (Buse et al., 2003; Carter, 2007; King,
1993). To increase the translational impact of study results, DA doses
were carefully selected to mimic chronic exposure at or near the pro-
posed Tolerable Daily Intake (TDI) for humans (Costa et al., 2010;
Mariën, 1996; Toyofuku, 2006). This manuscript presents the first data
from primates that addresses the maternal and fetal risks of this bio-
logical marine contaminant and provides insight into the adequacy of
current environmental regulations to protect the human health in high-
frequency shellfish consumers.

2. Materials and methods

2.1. Chemicals and reagents

DA was purchased from BioVectra (Charlottetown, PE, Canada).
Certified calibration solution for DA was purchased from National
Research Council Canada (Ottawa, ON, Canada). Optima grade water,
methanol, acetonitrile, and formic acid used for bioanalytical assays
were purchased from Fisher Scientific (Pittsburgh, PA).

2.2. Subjects

Thirty-two adult female and 3 adult male Macaca fascicularis were
acquired for the study. The females were pseudo-randomly assigned to
either a control group (N = 10), a 0.075 mg/kg/day DA group (N = 11)
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or a 0.15 mg/kg/day DA group (N = 11) to establish groups with si-
milar ages and weights. Females ranged in age from 5.5 to 11 years with
an average age of approximately 7 years across the groups. Females
ranged in weight from 2.8 to 4.2 kg with an average weight at assign-
ment of approximately 3.5 kg across the groups. All females were nul-
liparous. Males were 7.5, 7.7, and 8.4 years of age and weighed 7.9, 5.9
and 5.4 kg at the beginning of the study. Males had no breeding ex-
perience.

2.3. Study design

All animal procedures strictly followed the Animal Welfare Act and
the Guide for Care and Use of Laboratory Animals of the National
Research Council. All protocols were approved by the University of
Washington Institutional Animal Care and Use Committee to meet the
highest standards of ethical conduct and compassionate use of animals
in research. During the study, adult females were housed in individual
communicating cages that were equipped with grooming bars that al-
lowed adjacent females contact 24 h/day. Frozen treats, fresh fruit and
vegetables, music, movies and toys were provided on a routine basis.
The adult males were housed individually in a separate room away
from the females and provided the same food and enrichments. Animal
housing rooms was kept at ~75° and lights were on a 12 h on and 12 h
off schedule.

The study design was based on previous reproductive and devel-
opmental toxicology studies conducted in our laboratory (Burbacher
et al., 2004; Burbacher et al., 1988). The study included a training
period where protocols were implemented to train females to drink
from a syringe, collect blood for DA analysis without sedation, evaluate
general health status (weights, medications), observe signs of DA
toxicity (Clinical Observations), and detect menstrual bleeding. Once
females were trained, experimental protocols were conducted for
2 months without DA exposure (pre-DA exposure period). During this
period females were orally dosed on a daily basis with the dosing ve-
hicle solution alone (5% sucrose in water). Daily, oral exposure to DA
was then initiated for the 2 DA exposure groups (the controls continued
to receive the dosing vehicle alone) and dosing continued for another
2 months prior to breeding and then throughout breeding (pre-preg-
nancy DA exposure period) and pregnancy (pregnancy DA exposure
period). Experimental protocols continued throughout these periods.
Males were not exposed to DA.

2.4. Daily DA dosing protocol

Dosing solutions in 5% sucrose were prepared fresh every week.
Briefly, sucrose was weighed to prepare a 5% (w/v) sucrose solution in
tap water. DA powder was weighed and dissolved in the 5% sucrose
solution to produce a 1 mg/mL DA solution. The DA solution was so-
nicated for 15 min to ensure complete dissolution and filtered subse-
quently using a syringe filter (0.2 μm, 25 mm). The filtered 1 mg/mL DA
solutions were subsequently diluted according to the animals' weights
with filtered sucrose solution. The prepared individual dosing solutions
were stored in 16 mL glass vials at 4 °C until use. Prior to pregnancy,
females were dosed according to their last weekly weight. During
pregnancy, females were dosed according to their last pre-pregnant
weight. Syringes were labeled with only the animal number and week
to ensure all testers remained blind to the exposure groups. Dosing
occurred at approximately the same time every morning (~9 AM),
seven days a week. Dosing solutions were analyzed for DA content by
LC-MS/MS to confirm DA concentrations (Shum et al., 2018). Females
were fed Lab Diet High Protein Monkey Diet biscuits approximately 2 h
before the daily DA dosing and again approximately 5 h after dosing.

2.5. Blood collection and DA analysis protocols

Blood samples were collected every two weeks for DA quantification

across the study. Blood collections occurred approximately 5 h after
dosing with sucrose during the baseline period and alternated between
collections at 5 h post DA dosing or 24 h post DA dosing during the
exposure periods. Blood samples were also collected at delivery.
Sedation was not used for the bi-weekly blood collection because the
animals were trained to provide their leg for the blood draw. Blood was
drawn from the great saphenous vein into sodium heparin tubes and
centrifuged at 3000 ×g for 15 min to isolate plasma for analysis. Plasma
was stored at −20 °C until analysis. DA was measured using a recently
developed and validated LC-MS/MS method (Shum et al., 2018). The
lower limit of detection (LOD) was 0.16 ng/mL and the lower limit of
quantitation (LLOQ) was 0.31 ng/mL of DA in monkey plasma.

2.6. Maternal health assessments

2.6.1. Maternal weight
All females were weighed once per week during the investigation.

Animals were trained to voluntarily enter a transfer box which was
placed on a digital scale where values (minus the weight of the transfer
box) were recorded in kilograms.

2.6.2. Maternal medications
Females were observed for signs of diarrhea, lethargy, weight loss,

on a daily basis by study personnel. Females exhibiting signs of illness
were reported to the attending veterinarian and medications were
prescribed if necessary. Information regarding the type, dosage, and
duration of various medications were recorded.

2.6.3. Clinical observations
A Clinical Observation Test developed previously (see Burbacher

et al., 1999, 2004) was used to provide a rapid evaluation of the visual
functioning and motor coordination of the females. Females were ty-
pically observed at least 3 times per week, ~5 h after dosing. Testers
initially presented a small piece of fruit approximately 6 to 10 in. from
the cage and recorded whether or not the females visually oriented to
the fruit. The fruit was then moved to the left or right and recorded
whether or not the females visually followed the fruit. Testers recorded
the absence or presence of visual orientation as well as whether a full,
partial or no follow was observed during the trial. Testers then placed
the small piece of fruit or cereal in the palm of their hand and held it
approximately 6 to 8 in. from the cage so the females had to reach out
and pick up the treat. The tester observed whether or not hand and/or
arm tremors were observed during the reach. Fine motor coordination
was also evaluated by noting whether or not the female was able to
retrieve the fruit reward. Three “reaching” trials were presented during
each session. In addition to the above, testers recorded vomiting,
scratching, resting tremors or seizure-like activity, lethargy or any other
abnormal behavior during the observation test. A lead technician con-
ducted the assessment throughout the study and was the primary tester
and “keeper of the code”. Two additional technicians were involved,
one collecting data during the early stages of the study, the other during
the latter part. Technicians were equally represented across the dif-
ferent DA exposure groups. The primary tester conducted reliability
sessions with the other testers every 6 to 8 months throughout the study
(reliability criteria = 80% for each outcome). All testers were blind to
the exposure history of the females. Study technicians and nursery staff
also recorded observations of vomiting, diarrhea or any abnormal be-
haviors throughout the day and reported these observations to the
clinical staff.

2.7. Maternal reproductive assessments

2.7.1. Tracking menstrual bleeding
Using positive reinforcement and behavioral shaping, animals were

trained to voluntarily present their perineum for visual inspection to
detect menstrual bleeding. A flashlight was used to help examiners and
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serve as a cue and animals were rewarded with a treat after turning,
lifting their tail and allowing a brief visual inspection. The first day that
bleeding was detected was consider Day 1 of the menstrual cycle.
Observations for menstrual bleeding occurred seven days a week.

2.7.2. Breeding
Females were bred with one of three nonexposed males after 4

menstrual cycles were observed (2 prior to DA exposure and 2 after DA
exposure had begun). For the initial breeding, females were placed with
one of the males for approximately 4 h per day for 7 days during mid-
cycle (days 7–13). The same male was used across the 7 days of
breeding. If the female did not conceive, the same procedure was used
with a different male for the second breeding. For the 3rd breeding,
females were placed with a different male (from the initial 2) for ap-
proximately 4 h per day for 9 days during mid-cycle (days 7–15). Again,
the same male was used across the 9 days of breeding. If females did not
conceive after 3 breedings, they were placed with one of the males for
approximately 4 h a day during their entire menstrual cycle for their 4th
and subsequent breedings. A maximum of 7 breedings occurred and
males were assigned to females to counterbalance the number of infants
from each sire in the individual DA exposure groups. Females were
visually checked for the presence of semen (providing evidence that
mating occurred) after each breeding. Day 10 of the menstrual cycle
was considered the day of conception (gestation day 0) for the all of the
breedings. Pregnancy was confirmed with a progesterone blood assay
by 25 days of gestation.

2.7.3. Monitoring pregnancy and delivery
As mentioned above, females were observed on a daily basis by

study personnel. Beginning at approximately 135 days of pregnancy,
females were observed for the onset of labor during the evening (6 pm
to 6 am) every 30 min via infrared camera by nursery staff. When signs
of active labor were observed, a delivery team was summoned to the
laboratory in order to separate the newborn at birth to begin our
postnatal assessments. Adult females were sedated with ketamine (IM,
5 mg/kg) after they delivered and the infant was placed in a preheated
incubator for transport to a specialized nursery for evaluation. Adult
females were monitored by nursery staff on camera until fully re-
covered from sedation. If delivery complications occurred (e.g. pro-
longed labor, abnormal delivery position), the veterinary staff was
immediately notified that assistance was needed. Veterinarians with
extensive primate experience made all clinical decisions related to labor
and delivery and were fully empowered to determine when the labor
process was not progressing normally and a cesarean section was re-
quired to protect the well-being of the mother and infant.

2.8. Newborn procedures

All examiners were blind to the prenatal exposure history of the
infants and had been extensively trained on all data collection mea-
sures.

2.8.1. Newborn weights and anthropometrics
Newborns were weighed and an anthropometric exam was ad-

ministered to measure crown-rump length and head circumference,
width and length according to procedures previously described
(Burbacher et al., 2004). Briefly, crown–rump length was measured by
placing the infant in a supine position on a metal sliding scale with its
rump against the base of the scale and its crown against a sliding bar-
rier. The distance between the top of the infant's head and the rump was
measured. Head circumference was measured with use of a measuring
tape that was placed around the infant's head below the brow ridge,
along the nuchal crest and above the ears, thus covering the occiput.
Head width and length were measured using spreading calipers. Head
width was measured using landmarks just above and in front of the
ears, which provided a measure of the two widest points of the skull.

Head length was measured using the length from the area between the
eyes to the occiput. Two measurements (in millimeters) were made by
reliable testers and the mean measurement was used for analysis.

2.8.2. Newborn health status (Apgar) and screening for congenital defects
A procedure to measure newborn health status modeled after the

human Apgar exam (Apgar, 1953) was administered twice, once within
30 min after birth and then again ~ 1 h after birth. The exam includes
measures of heart rate, respiration, temperature, muscle tonicity, phy-
sical activity and skin color. A screening exam for physical birth
anomalies was also undertaken within the first 24 h that focused on the
skin (pigmentation, rash, bruises, edema), head (molding, fontanel,
depressions, overriding suture), face (symmetry, mouth, eyes, ears,
teeth), trunk (sternal retraction, spine, breasts, neck), genitals (vagina,
anus, penis, scrotum) and extremities (digits, limbs).

2.8.3. Blood collection
Blood samples were collected from the femoral vein of non-sedated

offspring on postnatal day 1. Blood was processed according to the
procedures described above.

3. Statistics and results

3.1. Maternal DA exposure

The duration of DA exposure for the adult females ranged from 79 to
233 days at conception and 232 to 403 days at delivery and was largely
dependent on the number of breedings required for a conception (see
Table 1). While the overall range is quite large, the results of one-way
analysis of variance (ANOVA) tests did not indicate a significant dif-
ference in the number of days exposed to DA (or sugar solution) at
conception and delivery as a function of DA exposure group (concep-
tion, F(2,26) = 0.67, p = 0.52; delivery, F(2,26) = 0.55, p = 0.58).

3.1.1. Maternal plasma DA concentrations
The results of the bi-weekly blood draws are shown in Fig. 1 and

Table 2. Samples that were above the LOD (0.16 ng/ml) but below the
LLOQ (0.31 ng/ml) for DA were designated as Below Limit of Quanti-
tation (BLQ) and assigned the value 0.24 mg/ml (half way in between
the LOD and the LLOQ). DA was not detected in any plasma samples
during the Pre-Exposure period. Once DA exposure began, plasma DA
concentrations varied with continuous DA exposure prior to pregnancy.
Plasma DA concentrations at 5 h post-dosing ranged from 0.24 ng/ml to
5.26 ng/ml for the 0.075 mg/kg/day exposure group and 0.37 ng/ml to
10.01 ng/ml for the 0.15 mg/kg/day exposure group. Plasma DA con-
centrations at 24 h post-dosing ranged from 0.24 ng/ml to 2.36 ng/ml
for the 0.075 mg/kg/day exposure group and 0.24 ng/ml to 5.61 ng/ml
for the 0.15 mg/kg/day exposure group. The results of one-way ANOVA
tests using the mean individual blood DA concentrations for each fe-
male prior to pregnancy (or at the end of breeding for females who did
not conceive) indicated that plasma DA concentrations were sig-
nificantly higher for the 0.15 mg/kg/day exposure group compared to
the 0.075 mg/kg/day exposure group at both sample time-points (5 h
sample, F(1,20) = 28.48, p < 0.01; 24 h sample, F(1,20) = 27.66,

Table 1
Mean ± SE (Range) # of days exposed to DA at conceptiona and delivery.

DA exposure group Conception Delivery

Controls (N = 10) 113 ± 13 (82–194) 274 ± 14 (232–361)
0.075 mg/kg/day (N = 10) 132 ± 19 (84–233) 294 ± 19 (239–403)
0.15 mg/kg/day (N = 11) 139 ± 17 (79–232) 298 ± 18 (233–387)

Note: No significant differences between groups in # of days exposed to DA at
conception or delivery.

a End of breeding for females who did not conceive.
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p < 0.01).
Plasma DA concentrations continued to vary during pregnancy.

Plasma DA concentrations at 5 h post-dosing ranged from 0.24 ng/ml to
5.26 ng/ml for the 0.075 mg/kg/day exposure group and 0.37 ng/ml to
9.16 ng/ml for the 0.15 mg/kg/day exposure group. Plasma DA con-
centrations at 24 h post-dosing ranged from 0.24 ng/ml to 2.36 ng/ml
for the 0.075 mg/kg/day exposure group and 0.24 ng/ml to 4.63 ng/ml
for the 0.15 mg/kg/day exposure group during pregnancy. The results

of one-way ANOVA tests using the mean individual blood DA con-
centrations for each female during pregnancy again indicated that
plasma DA concentrations were significantly higher for the 0.15 mg/
kg/day exposure group compared to the 0.075 mg/kg/day exposure
group at both sample time-points (5 h sample, F(1,18) = 18.27,
p < 0.01; 24 h sample, F(1,18) = 24.14, p < 0.01). Finally, a re-
peated measures ANOVA comparing the mean DA plasma concentra-
tions prior to pregnancy with those during pregnancy indicated a

Before Pregnancy1  During Pregnancy 
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Fig. 1. Maternal plasma DA concentration (ng/ml) before and during pregnancy.
1End of breeding for females who did not conceive.
2For 0.075 mg/kg/day DA exposure group, 69 BLQ samples (35 24-hour samples before pregnancy, 29 24-hour samples during pregnancy and 5 5-hour samples
during pregnancy). For 0.15 mg/kg/day DA exposure group, 9 BLQ samples (3–24-hour samples before pregnancy and 6 24-hour samples during pregnancy).
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significant difference for the 5-hour sample F(1,18) = 5.53, p = 0.03).
Five-hour DA blood concentrations were significantly lower during
pregnancy for both DA exposure groups. No significant differences were
observed for the 24-hour sample.

3.2. Maternal health assessments

3.2.1. Maternal weight
Maternal weights were similar across the DA exposure groups

throughout the study (see Table 3). Except for 1 female, weights
changed little once DA exposure began. One female in the 0.075 mg/
Kg/day DA exposure group was removed from the study during the
breeding period after she exhibited weight loss and amenorrhea. The
results of a two-way ANOVA comparing the weights of the 3 DA ex-
posure groups across the baseline and pre-pregnancy DA exposure
periods did not indicate a significant difference due to DA exposure
group (F(2,28) = 0.46, p = 0.67), or an interaction of DA exposure
group and DA exposure period (F(2,28) = 0.79, p = 0.46). A main ef-
fect of DA exposure period was observed, indicating an increase in the
weight of females during the pre-pregnancy period (F(1,28) = 18.83,
p < 0.01). For those females who conceived, the results of a one-way
ANOVA did not indicate a significant difference in the average weight
during pregnancy due to DA exposure group (F(2,26) = 0.78,
p = 0.47). Weight gain during pregnancy was also similar across the 3
DA exposure groups (F(2,26) = 0.63, p = 0.54).

3.2.2. Maternal medications
All females were sedated with approximately 10 mg/kg IM ketamine

for mandatory tuberculosis testing approximately 1 month before
breeding. During the early stages of the study (prior to pregnancy), six
females required treatment for minor injuries incurred during sociali-
zation. These treatments generally included at least one pain medica-
tion (ketoprofen, meloxicam, buprenorphine or lidocaine) and at least
one antibiotic (cephalexin, cefazolin, or penicillin). In addition, two
females required treatment during pregnancy. One was treated with

acetaminophen and a single dose of penicillin and buprenorphine. The
other female was treated with acetaminophen, buprenorphine and bu-
pivacaine. For C-section deliveries, females were pre-anesthetized with
ketamine (5–10 mg/kg i.m.) and atropine (0.04 mg/kg i.m.) and
maintained on inhaled sevoflurane (0.8–2.5%) and 100% oxygen. Thus,
the overall incidence of females requiring therapeutic agents was quite
low.

3.2.3. Clinical observations
The results of the Clinical Observations Test did not indicate the

presence of acute signs of DA toxicity (vomiting, retching, resting tre-
mors or seizures) or effects on visual functioning or gross motor co-
ordination. The results did reveal, however, that long-term exposure to
DA was related to an increase in observations of subtle arm/hand tre-
mors during the reaching task. For each of the 3-trial sessions, tremors
were noted as “present” if observed on 2 of the 3 trials (confirmation of
a tremor observation was critical for tester reliability). Fig. 2 displays
the “tremor rates” (the % of sessions that tremors were observed on 2 of
the 3 trials) for the 2 month pre-DA exposure period and then over
1 month increments during DA exposure until delivery (or end of
breeding for females who did not conceive). Tremors were not observed
for the majority of the females (25 out of 32 females) during the Pre-DA
exposure period. Five females exhibited tremors on < 10% of the ses-
sions while 2 females exhibited higher tremor rates (16% and 26% of
sessions). Females with tremors during the pre-DA exposure period
were from all 3 exposure groups (2 from controls, 3 from the 0.075 mg/
kg/day and 2 from the 0.15 mg/kg/day DA exposure groups). Tremor
rates varied a great deal during DA exposure. Rates varied over time for
a number of females in each of the DA exposure groups. Tremor rates
for some females began to increase during the 1st or 2nd month after
DA exposure began. For other females, rates increased later, after sev-
eral months of DA exposure. Given the different patterns of tremor
responses over time, we calculated the tremor rate over the entire DA
exposure period up until delivery (or end of breeding) for each female.
“Tremor increase scores” (% tremors observed during the entire DA

Table 2
Mean ± SE (range) maternal plasma DA concentrations (ng/ml) before and during pregnancya.

DA exposure group Before pregnancyb During pregnancy

5-Hour sample 24-Hour sample 5-Hour sample 24-Hour sample

0.075 mg/kg/day (N = 10) 1.31 ± 0.18 0.49 ± 0.07 0.93 ± 0.22c 0.50 ± 0.07c

(0.62 - 2.76) (0.24 – 0.98) (0.46 – 2.57) (0.28 – 1.04)
0.15 mg/kg/day (N = 11) 3.42 ± 0.35 1.65 ± 0.21 2.93 ± 0.38 1.50 ± 0.17

(1.48 – 5.35) (0.61 – 2.47) (0.69 – 4.69) (0.55 – 2.39)

Note: Maternal DA plasma concentrations significantly higher in 0.15 mg/kg/day DA exposure group prior to and during pregnancy (p < 0.01, all tests). 5-Hour
Maternal DA plasma concentrations significantly lower during pregnancy (p = 0.03).

a Mean of individual mean values for each female. For 0.075 mg/kg/day DA exposure group, mean calculations include 69 BLQ samples (35 24-hour samples
before pregnancy, 29 24-hour samples during pregnancy and 5 5-hour samples during pregnancy). For 0.15 mg/kg/day DA exposure group, mean calculations
include 9 BLQ samples (3–24-hour samples before pregnancy and 6 24-hour samples during pregnancy).

b End of breeding for females who did not conceive.
c N = 9 during pregnancy.

Table 3
Mean ± SE (range) weights (kg) of females prior to and during DA exposure and weight gain (kg) during pregnancy.

DA exposure group No DA exposure DA exposure

Pre-DA exposure weightsa Pre-pregnancy weightsa, b Pregnancy weight gain

Controls (N = 10) 3.50 ± 0.10 (2.98–3.91) 3.63 ± 0.13 (3.08–4.23) 1.72 ± 0.17c (1.16–2.88)
0.075 mg/kg/day (N = 10) 3.58 ± 0.18 (2.89–4.77) 3.85 ± 0.22 (3.04–5.05) 1.95 ± 0.21 (1.13–2.97)
0.15 mg/kg/day (N = 11) 3.64 ± 0.13 (3.05–4.29) 3.86 ± 0.18 (3.19–4.81) 1.62 ± 0.24c (0.35–2.56)

Note: No significant exposure group differences in weights of females during pre-DA exposure or pre-pregnancy or weight gain of females during pregnancy.
a 4 month pre-DA exposure period, ~3 to 8 month pre-pregnancy period.
b End of breeding for females who did not conceive.
c N = 9.
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exposure period minus the % tremors observed during the 2 month pre-
DA exposure period) were then calculated for each female for the
analysis. The average tremor increase scores for the 3 DA exposure
groups were 9.6% ± 4.2% for the controls, 17.7% ± 4.1% for the
0.075 mg/kg/day DA exposure group, and 30.5% ± 8.3% for the
0.15 mg/kg/day DA exposure group (see Table 4). A one- way ANOVA
comparing the tremor increase scores across the 3 DA exposure groups
did not indicate a significant difference due to DA exposure (F
(2,28) = 3.10, p = 0.06). One control female exhibited high tremor
rates throughout the study. MRI analysis of the brain of this female
revealed lesions in the temporal lobe (see Discussion for further de-
tails). Thus, a second one- way ANOVA was conducted excluding this
female. The results of that analysis indicated a significant difference
due to DA exposure (F(2,27) = 4.51, p = 0.02). Post-hoc Bonferroni
analysis indicated a significant difference between the controls and the
0.15 mg/kg/day DA exposure group. One of the hypotheses for why the
patterns of tremor responses were so different across the exposure
period was that females may have been more susceptible during preg-
nancy. To test this hypothesis, a secondary analysis was conducted to
examine how much of the increase in % tremors took place prior to
pregnancy compared to during pregnancy. Separate paired t-tests for
each of the DA exposure groups comparing the increase in % tremors
from the pre-DA exposure period to conception to the increase in %

tremors from conception to delivery did not indicate a significant dif-
ference for any of the DA exposure groups (p > 0.20, all tests). Thus,
there was no evidence that tremors increased at a higher rate during
pregnancy.

3.3. Maternal reproduction

3.3.1. Tracking menstrual bleeding
All females demonstrated 4 menstrual cycles prior to breeding,

2 cycles during the pre DA exposure period and 2 cycles once DA ex-
posure began. There was little change in the length of the menstrual
cycle over time. The results of a repeated measures analysis of variance
examining changes in the menstrual cycle length for the initial 4 cycles
did not indicate a significant main effect of DA exposure group on the
length of the menstrual cycle (F(2,29) = 1.46, p = 0.26), or an inter-
action of DA exposure group and cycle number (1–4) (F(6,87) = 0.84,
p = 0.54). No main effect of cycle # was observed as well (F
(3,87) = 0.09, p = 0.97). The average menstrual cycle lengths across
the 3 DA exposure groups ranged from 29 to 33 days, normal for fas-
cicularis macaques (see Table 5).

3.3.2. Breeding
Conception rates were high (90%–100%) for all DA exposure groups

Fig. 2. % of sessions arm/hand tremors observed on reaching task during 2-month pre-exposure period, monthly during DA exposure period and over entire DA
exposure period to delivery1.
1End of breeding for females who did not conceive.

Table 4
Mean ± SE (Range) % sessions arm/hand tremors observed during 2-month pre-DA exposure period, DA exposure period and “Tremor Increase Scores” (% tremors
observed during the DA exposure perioda minus the % tremors observed during the 2 month Pre-DA exposure period).

DA exposure group Pre-DA exposure DA exposurea Tremor increase score

Controls (N = 10) 3.0 ± 2.6 (0.0–25.9) 12.5 ± 6.6 (0.7–71.0) 9.6 ± 4.2b (0.7–45.1)
0.075 mg/kg/day (N = 10) 1.5 ± 0.8 (0.0–7.4) 19.2 ± 4.4 (0.0–36.0) 17.7 ± 4.1 (0.0–34.5)
0.15 mg/kg/day (N = 11) 2.1 ± 0.8 (0.0–15.4) 32.6 ± 4.4 (0.7–74.3) 30.5 ± 8.3 (0.7–74.3)

a Exposure to delivery or end of breeding for females who did not conceive.
b Includes female with brain lesion. Tremor Increase Score without female 5.6 ± 1.4%.

Table 5
Mean ± SE (Range) menstrual cycle length prior to and during DA exposure.

DA exposure group Pre-DA exposure cycle lengtha, b DA exposure cycle lengtha, c

Cycle #1 Cycle #2 Cycle #1 Cycle #2

Controls (N = 10) 31 ± 2 (25–45) 29 ± 1 (26–37) 32 ± 2 (24–51) 31 ± 2 (26–41)
0.075 mg/kg/day (N = 11) 32 ± 2 (26–43) 33 ± 2 (26–42) 31 ± 1 (26–41) 33 ± 2 (23–52)
0.15 mg/kg/day (N = 11) 29 ± 1 (21−33) 29 ± 1 (23–38) 29 ± 1 (24–35) 29 ± 1 (24–32)

Note: No significant DA exposure group differences in menstrual cycle lengths of females prior to and during initial DA exposures.
a Length in days.
b 4 month Pre-DA exposure period.
c ~4 months of DA exposure.

T.M. Burbacher et al. Neurotoxicology and Teratology 72 (2019) 10–21

16



(see Table 6). While the number of breedings required for a conception
varied widely (1 to 7), the average number of breedings to conception
across the DA exposure groups varied only slightly, from 2.1 to 2.6. A
one- way ANOVA comparing the number of breedings required for a
conception across the 3 DA exposure groups did not indicate a sig-
nificant difference due to DA exposure (F(2,26) = 1.85, p = 0.18). Only
8 of the 31 females required > 3 breedings (breeding throughout the
menstrual cycle) and these females were spread across the 3 DA ex-
posure groups.

3.3.3. Pregnancy and delivery
Delivery complications occurred frequently in all DA exposure

groups, resulting in high cesarean (C-) section delivery rates. Over half
of the control and 0.075 mg/kg/day DA females and nearly two-thirds
of 0.15 mg/kg/day DA females were delivered via C-section. Decisions
regarding C-sections were made by the attending veterinarians from the
Primate Center, who were blinded to the treatments. The policy of the
Primate Center is to err on the side of caution to minimize fetal loss.
Seven females were C-sectioned for unproductive labor, defined as ac-
tive labor for at least 2 successive nights. Four females were C-sectioned
for excessive vaginal bleeding (blood covering vaginal surface) and 7
females were C-sectioned following an unsedated ultrasound ex-
amination after an evening of active labor revealed fetal distress (low
fetal hear rate), breech presentation, or Placenta Previa (placenta
covering most of the cervix) (see Table 6). All C-section deliveries oc-
curred after 150 days gestation and none of the C-sectioned infants
displayed signs of premature birth (e.g. low-birthweight, irregular heart
rate, inability to control body temperature). While the C-section de-
livery rate was high, so was the livebirth delivery rate, with only 1
pregnancy ending in a nonviable offspring for the entire study (see
Table 6). One female in the 0.15 mg/kg/day DA exposure group had a
breech delivery. The newborn was delivered via C-section but was not
breathing and could not be resuscitated. Nine live-born infants (5 males
and 4 females) were delivered in the control group, 9 (5 males and 4
females) in the 0.075 mg/kg/day DA exposure group and 10 (4 males
and 6 females) in the 0.15 mg/kg/day DA exposure group. The control
group included 3 infants from each of the sires. The 0.075 mg/kg/day
DA exposure group included 5 infants from sire-1 and 2 infants from
sire-2 and sire-3. The 0.15 mg/kg/day DA exposure group include 4
infants from sire-1, 3 infants from sire-2 and 4 infants from sire-3.

Given the high rate of C-sections in the study, a preliminary two-
way analysis of variance comparing the length of pregnancy for the
females who were C-sectioned to those who delivered vaginally for the
DA exposure groups did not indicated a significant main effect of DA
exposure group (F(2,23) = 0.69, p = 0.51), delivery type (F
(1,23) = 0.67, p = 0.42) or an interaction of DA exposure group and
delivery type (F(2,23) = 1.12, p = 0.34). A follow-up one- way ANOVA
comparing the length of pregnancies across the 3 DA exposure groups
did not indicate a significant difference due to DA exposure (F
(2,26) = 0.16, p = 0.86). The average pregnancy length across the DA
exposure groups varied slightly from 160 to 162 days (see Table 7).

3.4. Newborn procedures

3.4.1. Newborn weights and anthropometrics
Birthweights and newborn anthropometric measures are displayed

in Table 8. One 0.15 mg/kg/day female infant was vaginally delivered
pre-term (< 150 days) and had the lowest birthweight at 240 g. The
remaining infants exhibited birthweights and anthropometric measures
consistent with normal full-term newborns for this species (Burbacher
et al., 1988; Naiken et al., 2015) Preliminary two-way ANOVAs were
run to examine whether or not gestation length impacted birthweights
or anthropometric measures. The results of these analyses did not in-
dicate a significant main effect of gestation length or DA exposure on
any of the newborn parameters (p > 0.10, all tests), or an interaction
of gestation length and DA exposure (p > 0.10, all tests). Two-way
ANOVAs were also run to examine whether or not delivery type (C-
section or vaginal) impacted birthweights or anthropometric measures.
The results of these ANOVAs did not indicate a significant main effect of
delivery type or DA exposure on any of the newborn parameters
(p > 0.10, all tests), or an interaction of delivery type and DA exposure
(p > 0.10, all tests). Results of two-way ANOVAs examining the effects
of sex of the infant on birthweights and anthropometric measures for
the 3 DA exposure groups not indicate a significant main effect of DA
exposure on any of the newborn parameters (p > 0.10, all tests), or an
interaction of DA exposure and sex of the infant (p > 0.10, all tests).
There were, however, significant main effects of sex of the infant on
birthweight (F(1,22) = 4.66, p = 0.04), head circumference (F
(1,22) = 5.90, p = 0.02), and head length (F(1,22) = 4.53, p = 0.05).
Male infants had higher birthweights and larger head circumference
and head length measures than females. Three-way ANOVA tests (DA
exposure, delivery type and sex of infant) could not be performed due to
the low number of infants (N = 1) in one of the cells.

3.4.2. Newborn health status (Apgar) and screening for congenital defects
No congenital defects were observed in newborns. The initial Apgar

evaluations were performed at the first possible time following de-
livery, which ranged from 5 to 30 min. Follow up evaluations were
performed at ~1 h after birth. Apgar scores ranged from 6 to the
maximum score of 12 (see Table 9). Again, preliminary two-way AN-
OVAs were run to examine whether or not the gestation length im-
pacted Apgar scores. The results of these analyses did not indicate a
significant main effect of gestation length or DA exposure for either of
the Apgar tests (p > 0.05, both tests), or an interaction of gestation
length and DA exposure (p > 0.10, all tests). Two-way ANOVAs were
also run to examine the effects of delivery type (C-section and vaginal

Table 6
Mean ± SE (range) # of breedings to conception and rates for female reproductive outcomes.

DA exposure group # Breeding to conception Conception rate C-section delivery rate Liveborn delivery rate

Controls (N = 10) 2.1 ± 0.62 (1–7) 90% (9/10) 56% (5/9)a 100% (9/9)
0.075 mg/kg/day (N = 10) 2.2 ± 0.63 (1–7) 90% (9/10) 67% (6/9)b 100% (9/9)
0.15 mg/kg/day (N = 11) 2.6 ± 0.54 (1–6) 100% (11/11) 73% (8/11)c 91% (10/11)

Note: No significant DA exposure group differences in number of breedings to conception or conception, C-section delivery or liveborn delivery rates.
a C-sections due to unproductive labor (N = 2), excessive vaginal bleeding (N = 1), fetal distress (N = 1), breech presentation (N = 1).
b C-sections due to unproductive labor (N = 3), excessive vaginal bleeding (N = 1), fetal distress (N = 1), Placenta Previa (N = 1).
c C-sections due to unproductive labor (N = 2), excessive vaginal bleeding (N = 2), fetal distress (N = 1), breech presentation (N = 2), Placenta Previa (N = 1).

Table 7
Mean ± SE (range) length of pregnancy (days).

DA exposure group Pregnancy length (days)

Controls (N = 9) 162 ± 2.3 (151–172)
0.075 mg/kg/day (N = 9) 162 ± 2.3 (152–170)
0.15 mg/kg/day (N = 11) 160 ± 2.0 (146–170)

Note: No significant DA exposure group differences in length of pregnancy.
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deliveries) on the Apgar scores. The results of these analyses did not
indicate a significant main effect of delivery type or DA exposure for
either of the Apgar tests (p > 0.10, all tests), or an interaction of DA
exposure and delivery type (p > 0.10, all tests). There was, however, a
significant main effects of delivery type on the initial Apgar scores (F
(1,21) = 41.39, p < 0.01) but not the second Apgar scores (F
(1,21) = 3.09, p = 0.09). Apgar scores were lower for C-section deliv-
ered newborns at both tests. Results of two-way ANOVA tests ex-
amining the effects of sex of the infant on Apgar scores did not indicate
a significant main effect of sex of the infant or DA exposure for either of
the Apgar tests (p > 0.10, all tests), or an interaction of DA exposure
and sex of the infant (p > 0.10, all tests).

3.4.3. Newborn plasma DA concentrations
DA was not detected in the plasma of control females or their off-

spring at delivery. Plasma DA concentrations at delivery for the adult
females in the 0.075 mg/kg/day DA exposure group ranged from
0.24 ng/ml to 4.50 ng/ml. For the adult females in the 0.15 mg/kg/day
group, concentrations ranged from 0.74 ng/ml to 5.77 ng/ml. Newborn
plasma DA concentrations ranged from 0.24 ng/ml to 0.99 ng/ml for
the 0.075 mg/kg/day DA exposure group and 0.31 ng/ml to 3.19 ng/ml
for the 0.15 mg/kg/day group (see Table 10). Some of the variability in
the plasma DA concentrations is most likely due to the variation in the
time between the blood draw and the last maternal dose, which ranged
from ~3 to 27 h for the females and ~4 to 27 h for the newborns (see
Table 10). The results of ANOVA tests indicated both maternal and
newborn plasma DA concentrations varied with the timing of the post-
delivery blood draw (maternal, F(1,17) = 8.40, p = 0.01; newborn, F

(1,16) = 8.32, p = 0.01). Analysis of co-variance (ANCOVA) tests ex-
amining the effects of delivery type (C-section and vaginal deliveries)
did not indicate significant effect of this variable on maternal plasma
DA concentrations. A follow-up one-way ANCOVA examining the dif-
ferences in maternal plasma DA concentrations by DA exposure group
did not indicate a significant difference between the groups (F
(1,16) = 2.48, p = 0.14), after taking into account the timing of the
blood draw. ANCOVA tests examining the effects of delivery type or sex
of the newborn did not indicate significant effects of these variables on
newborn plasma DA concentrations. The results of a one-way ANCOVA,
however, did indicate that newborn plasma DA concentrations were
significantly higher for the 0.15 mg/kg/day DA exposure group com-
pared to the 0.075 mg/kg/day DA exposure group (F(1,15) = 8.49,
p = 0.01), after taking into account the timing of the blood draw. Fi-
nally, an ANCOVA comparing the plasma DA concentrations of the
mother versus and newborn indicated that newborn plasma DA con-
centrations were significantly lower than maternal concentrations for
both DA exposure groups (F(1,32) = 7.63, p < 0.01),

4. Discussion

This study represents the first scientific effort to chart the re-
productive and developmental toxicity of DA in a nonhuman primate
model. Although data are available from reports of high-level, acute DA

Table 8
Mean ± SE (Range) for infant birth characteristics.

Birthweight Crown-Rump Length Head Circumference Head Width Head Length

Males
Controls (N = 5) 330 ± 7.2 174.2 ± 3.0 182.0 ± 1.3 48.6 ± 0.6 60.6 ± 0.7

(310–355) (166.5–181.0) (177.0–184.5) (47.0–50.5) (58.0–62.5)
0.075 mg/kg/day (N = 5) 389 ± 26.9 180.3 ± 4.8 184.2 ± 2.1 50.0 ± 0.5 62.0 ± 0.7

(325–480) (168.5–194.0) (178.0–189.5) (48.0–51.0) (60.0–63.5)
0.15 mg/kg/day (N = 3) 332 ± 38.8 177.0 ± 8.5 183.3 ± 2.4 48.7 ± 0.3 60.5 ± 1.0

(255–380) (160.0–186.5) (180.0–188.0) (48.0–49.0) (58.5–61.5)

Females
Controls (N = 4) 309 ± 19.0 169.1 ± 4.4 179.5 ± 3.4 48.3 ± 1.3 59.8 ± 1.2

(255–340) (161.5–181.5) (171.5–187.0) (46–0-51.0) (57.0–62.5)
0.075 mg/kg/day (N = 4) 318 ± 20.9 172.8 ± 3.9 178.4 ± 2.1 49.1 ± 1.6 60.3 ± 0.3

(280–365) (164.5–180.5) (172.0–181.0) (47.0–54.0) (59.5–61.0)
0.15 mg/kg/day (N = 7) 304 ± 19.6 173.4 ± 2.8 177.9 ± 2.0 47.3 ± 0.6 58.9 ± 0.7

(240–365) (164.0–183.0) (170.0–182.5) (45.0–49.0) (56.0–60.5)

Note: Significant differences between males and females for birthweight (p = 0.04), head circumference (p = 0.02) and head length (p = 0.05). No significant DA
exposure group differences or interaction of DA exposure and sex of the newborn for infant birth characteristics.

Table 9
Mean ± SE (Range) Apgar scoresa.

DA exposure group Apgar 1 Apgar 2

C-section delivery
Controls (N = 4) 7 ± 0.8 (6–12) 10 ± 0.4 (9–11)
0.075 mg/kg/day (N = 3) 8 ± 0.5 (6–9) 10 ± 0.4 (9–12)
0.15 mg/kg/day (N = 3) 8 ± 0.6 (6–11) 10.0 ± 0.6 (7–12)

Vaginal delivery
Controls (N = 5) 12 ± 0.3 (11−12) 11 ± 0.4 (10−12)
0.075 mg/kg/day (N = 6) 11 ± 0.3 (11–12) 11 ± 0.3 (11–12)
0.15 mg/kg/day (N = 7) 11 ± 0.4 (10−11)b 10 ± 1.2

Note: Significant differences between C-section and vaginal delivery for Apgar 1
(p = 0.01). No significant DA exposure group differences or interaction of DA
exposure and delivery type for Apgar scores.

a Apgar 1 tested ~5 to 30 mins after delivery, Apgar 2 tested ~1 h after
delivery.

b N = 6.

Table 10
Mean ± SE (Range) maternal and newborn plasma DA concentrations (ng/ml)
at delivery and timing of plasma draw (hours since last maternal dose).

DA exposure
group

Maternal DA
concentration

Timing of
plasma draw

Newborn DA
concentration

Timing of
plasma draw

0.075 mg/
kg/day
(N = 9)

1.64 ± 0.39a 10.08 ± 2.39 0.44 ± 0.09a,b 10.32 ± 2.68b

(0.24-4.50) (3.38–26.37) (0.24–0.99) (3.75–26.57)

0.15 mg/kg/
day
(N = 10)

2.23 ± 0.55 19.12 ± 2.04 1.26 ± 0.32 20.25 ± 2.21
(0.74–5.77) (5.50–26.63) (0.31–3.19) (5.73–27.38)

Note: Significant effect of timing of plasma draw on maternal and newborn DA
plasma concentrations (p = 0.01). No significant DA exposure group differ-
ences in maternal DA plasma concentrations. Newborn DA plasma concentra-
tions significantly higher in 0.15 mg/kg/day DA exposure group (p = 0.01).
Maternal DA plasma concentrations significantly higher than newborn DA
plasma concentrations (p < 0.01).

a For 0.075 mg/kg/day DA exposure group, mean calculations include 1 BLQ
sample for maternal DA concentrations and 2 BLQ samples for newborn DA
concentrations.

b N = 8.
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poisoning, very little is known about the biological and behavioral ef-
fects of low level, chronic oral DA intake. The study was designed to
model environmentally relevant exposure scenarios and focused on the
translational value of the preclinical primate model for the protection of
human health. Previous reports of DA exposure and effects in humans
have relied on consumption measures to estimate exposure since bio-
markers of DA were not readily available (Boushey et al., 2016, Grattan
et al., 2016, Grattan et al., 2018). Thus, little is known regarding the
toxicokinetics and resulting body burden of DA following chronic, low-
level DA exposure in humans. DA concentrations in the current study
were dose-dependent, with significantly higher plasma DA levels in the
0.15 mg/kg/day DA exposure group compared to the 0.075 mg/kg/day
group. The results also indicate that, while plasma DA concentrations
vary during long-term exposure, there is no evidence of consistent in-
creases in DA levels with prolonged exposure. The DA concentrations
documented in this cohort are consistent with data from our previous
primate studies in non-pregnant animals that demonstrated flip-flop
kinetics (DA clearance is limited by a slow absorption rate) and a re-
latively long apparent plasma half-life for DA (Jing et al., 2018) The
high inter-individual variability observed in our prior studies was also
replicated in this larger study with pregnant animals. DA concentra-
tions at 5 h after dosing were lower during pregnancy in our 0.15 mg/
kg/day DA exposure group. This may have been due to the decision to
dose females at their pre-pregnant weight, although pregnancy medi-
ated changes in DA kinetics (altered absorption or clearance) cannot be
ruled out. DA was consistently detected in all newborns in the study.
The data, however, do not suggest disproportionate accumulation of DA
in the newborn after chronic DA exposure. Newborn plasma DA con-
centrations were consistently lower than those in the dams, suggesting
some protective barrier in the placenta that should be identified and
characterized. Whether a similar barrier exists in humans is unknown.

Reports of DA toxicity from human poisonings as well as recent
epidemiologic studies of coastal communities exposed to DA via dietary
intake of shellfish have not investigated reproductive parameters. Our
study is the first to pursue these outcomes in a nonhuman primate
model. Results from the current study indicate that DA exposure is not
associated with female reproductive toxicity; parameters such as the
length of the menstrual cycle, the ability to conceive, or the ability to
deliver full-term, healthy newborn infants were not compromised in DA
exposed females. Studies using rodent models have examined the ef-
fects of DA exposure during pregnancy on reproductive success (Levin
et al., 2005; Shiotani et al., 2017; Tanemura et al., 2009). The results of
these studies also indicate that DA is not a reproductive toxin. In both
mouse and rat models of in utero exposure, maternal parameters, such
as weight gain during pregnancy and litter size, were unaffected.
Wildlife studies of feral sea lions, however, have reported increases in
abortions and stillbirth in DA exposed animals and reproductive toxi-
city is a hallmark of a clinical diagnosis of DA toxicosis in these animals
(Goldstein et al., 2009).

While the current study did not provide evidence of reproductive
toxicity due to chronic, low-level DA exposure, the results did indicate
the presence of subtle neurological effects in the form of intentional
tremors in the adult females. Intentional tremors were observed when
females were extending their arms to actively reach for and pick up a
food reward from the hand of one of the research staff. The research
staff was reliably trained to detect the presence or absence of these
tremors during standardized testing sessions throughout the project.
The tremors observed were evident only when females were performing
the reaching and pick-up task; no tremors were observed during general
observations of females in their cages. One control female exhibited
tremors throughout the study; with tremors observed on nearly 70% of
the total test sessions. In DA-exposed subjects, there were significant
individual differences in the expression of this treatment effect. For the
0.075 mg/kg/day DA exposure group, 5 of the 10 females rarely ex-
hibited tremors (2% to 15%), while the remaining 5 exhibited tremors
on 25% to 35% of test sessions. For the 0.15 mg/kg/day DA exposure

group, 5 of the 11 females rarely exhibited tremors (1% to 14%), while
4 females exhibited tremors on 50% to 80% of test sessions. We were
able to secure supplement funding based on the observations of tremors
in our adult females for further evaluation of a subset of animals using
magnetic resonance imaging (MRI). In a single, sedated scan, we cap-
tured T1- and T2-weighted images, diffusion weighted images, and
magnetic resonance spectroscopy data. Systematic inspection of all T2-
weighted images by MRI experts in the Department of Radiology re-
vealed that the high tremoring control female had a lesion in the
temporal lobe. Thus, we have provided the results of our tremor ana-
lysis with and without this female. Detailed results of all aspects of the
MRI studies have been summarized in a separate manuscript currently
under review.

Wildlife studies of sea lions and studies using rodent and nonhuman
primate animal models have reported signs of neurological injury in DA
exposed adults. Studies of feral sea lions have reported pacing, ataxia,
head weaving and spontaneous recurrent seizures in animals exhibiting
DA toxicosis (Cook et al., 2011; Goldstein et al., 2008; Gulland et al.,
2002; Scholin et al., 2000). Studies of rodent models have reported
persistent neurological injury after DA exposure that is expressed
through spontaneous recurrent seizures and epileptic disease (Muha
and Ramsdell, 2011; Tiedeken and Ramsdell, 2013). In the rat model, a
single IP dose of 4.0 or 7.5 mg/kg DA resulted in generalized tremors,
wet-dog shakes, praying posture (anterior part of body raised with front
paws clasped) and loss of postural control (Tryphonas et al., 1990c).
These high doses ultimately produced status epilepticus and post
mortem histopathology showed selective encephalopathy, neuronal
degeneration and vacuolation of the neuropil in the limbic (hippo-
campus, amygdala) and olfactory systems. In the preclinical nonhuman
primate model, evidence of DA-induced tremors has been observed in
past investigations but only in animals exhibiting DA toxicosis after IV
and IP (non-oral) routes of exposure. In macaque monkeys, a single IV
dose at 1.0 mg/kg and above (4.0 mg/kg) resulted in tremors and death
in 4/7 animals (Scallet et al., 1993). Similarly, Tryphonas and collea-
gues explored IV and IP DA exposure in macaques and found that single
DA doses above 0.5 mg/kg IV and 4.0 mg/kg IP produced tremors, ri-
gidity of movement and loss of balance (Tryphonas et al., 1990a). Le-
sions consisting of vacuolation of the neuropil, astrocytic swelling, and
neuronal shrinkage and hyperchromasia were detected in the area
postrema, hypothalamus, hippocampus and inner layers of the retina.
In contrast to IV and IP routes of exposure, past studies of oral dosing of
up to 10 mg/kg DA have not reported tremors in exposed primate
subjects (Truelove et al., 1997; Tryphonas et al., 1990 c,d). While these
doses are over 10 times higher than those employed in the present
study, the studies did not include standard observations of animals to
detect the presence of intentional tremors. These subtle neurological
effects, therefore, would have likely gone unnoticed.

Recent results from the epidemiological CoASTAL cohort study in
Washington State demonstrate that chronic DA exposure (as measured
by the consumption of razor clams) is associated with decrements in
memory that are serious enough to affect everyday living skills (Grattan
et al., 2018; Grattan et al., 2016). This striking research finding suggests
that chronic exposure to low-level DA from harvested shellfish is not
without risk to the adult central nervous system. The current study was
initiated prior to the publication of the results from the CoASTAL study
and focused on evaluating the physical, social and cognitive effects of
prenatal DA exposure on the offspring. Assessments of cognition and
memory were not included in the study for the DA exposed adult fe-
males. Thus, we cannot say at this time whether the tremors represent
the sole neurobehavioral effect due to the chronic, low-level DA ex-
posure.

The present study is the first to address fetal DA exposure and birth
outcomes in a nonhuman primate model. Consistent with past research
in other species, DA did not act as a classic teratogen and newborns
were free from physical malformations (Levin et al., 2005; Shiotani
et al., 2017). There were no exposure-related differences on birth
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characteristics, but species-typical sex effects on birthweight and head
size (males infants were heavier and larger) were observed. An adap-
tation of the human newborn Apgar assessment was used to evaluate
the health of the newborns and no DA related effects were observed. As
anticipated, C-sectioned newborns exhibited lower Apgar scores than
newborns from natural deliveries (Yeekian et al., 2013). C-sectioned
newborns typically exhibited poorer muscle tone and color and were
less active than newborns delivered naturally. These effects, however,
were short-lived and scores tended to normalize by the 2nd Apgar test
approximately 1 h after delivery. The ultimate goal of the current study,
however, is to evaluate the physical and neurobehavioral development
of the DA and control offspring. The cohort of infants in this study are
currently being evaluated on a targeted series of neurobehavioral and
electroencephalogram (EEG) assessments to study the effects of in utero
DA exposure on postnatal development. Past studies using rodent
models have reported a constellation of effects following prenatal DA
exposure that suggest a marked fetal sensitivity to DA, characterized by
enduring changes in a number of behavioral domains, particularly
memory, activity levels, social behavior and emotional reactivity (for
reviews see Costa et al., 2010; Doucette and Tasker, 2016; Grant et al.,
2010; Lefebvre and Robertson, 2010). A number of studies have re-
ported dose- and gender-related differences in some of these outcomes
(Adams et al., 2009; Baron et al., 2013; Burt et al., 2008; Doucette et al.,
2007; Doucette et al., 2004; Gill et al., 2012; Levin et al., 2006; Levin
et al., 2005; Marriott et al., 2014; Ryan et al., 2011; Shiotani et al.,
2017; Zuloaga et al., 2016). Overall, findings with the rodent model
suggest that early life DA exposure is linked to significant changes in
brain structure and function that do not diminish over time. Future
reports from the current investigation will provide the first nonhuman
primate data on the risks of in-utero exposure to oral DA within en-
vironmental relevant exposure scenarios and will provide greater sci-
entific resolution on the adequacy of regulatory guidelines to protect
the health of high-frequency shellfish consumers and their infants. The
current results demonstrate that chronic, low-level exposure to DA is
associated with injury to the adult CNS and suggest that current reg-
ulatory guidelines designed to protect human health may not be ade-
quate for high-frequency shellfish consumers.
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