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ABSTRACT: Domoic acid is a glutaminergic neurotoxin produced by marine algae such as Pseudo-
nitzschia australis. California sea lions (Zalophus californianus) ingest the toxin when foraging on
planktivorous fish. Adult females comprise 60% of stranded animals admitted for rehabilitation
due to acute domoic acid toxicosis and commonly suffer from reproductive failure, including
abortions and premature live births. Domoic acid has been shown to cross the placenta exposing
the fetus to the toxin. To determine whether domoic acid was playing a role in reproductive failure
in sea lion rookeries, 67 aborted and live-born premature pups were sampled on San Miguel Island
in 2005 and 2006 to investigate the causes for reproductive failure. Analyses included domoic acid,
contaminant and infectious disease testing, and histologic examination. Pseudo-nitzschia spp. were
present both in the environment and in sea lion feces, and domoic acid was detected in the sea lion
feces and in 17% of pup samples tested. Histopathologic findings included systemic and localized
inflammation and bacterial infections of amniotic origin, placental abruption, and brain edema.
The primary lesion in five animals with measurable domoic acid concentrations was brain edema, a
common finding and, in some cases, the only lesion observed in aborted premature pups born to
domoic acid–intoxicated females in rehabilitation. Blubber organochlorine concentrations were
lower than those measured previously in premature sea lion pups collected in the 1970s. While the
etiology of abortion and premature parturition was varied in this study, these results suggest that
domoic acid contributes to reproductive failure on California sea lion rookeries.

Key words: Abortion, California sea lion, contaminants, domoic acid, infectious disease,
premature births, reproduction.

INTRODUCTION

California sea lions (Zalophus califor-
nianus) range along the Pacific coast of
North America and breed on islands off
southern California, Baja California, Mex-
ico, and in the Gulf of California (Lluch,
1969; Mate, 1977). One of the primary
breeding rookeries is on San Miguel
Island, one of California’s Channel Islands
(Odell, 1971; Fig. 1). In the late 1970s, a
high proportion (20%) of California sea

lion pups born on the island were reported
to die following premature parturition
(Gilmartin et al., 1976). Higher concen-
trations of the organochlorine contami-
nants dichloro-diphenyl-trichloroethane
(DDT) and polychlorinated biphenyls
(PCB) were found in tissues from prema-
ture parturient dams and their pups than
those measured in full-term dam-pup
pairs (DeLong et al., 1973). High levels
of contaminants, particularly PCBs and
DDTs, were discharged into the Southern
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California Bight prior to passage of the
Clean Water Act in 1977; however, some
areas of the Bight are beginning to show
environmental recovery (Kennish, 1998).
Nonetheless, organochlorines such as
PCBs and DDTs persist in this region,
high levels are still observed in sea lions
(Ylitalo et al., 2005; Greig et al., 2007), and
experimental exposure studies have shown
these chemicals to affect both immune
function and reproductive success of
pinnipeds (Reijnders, 1986; Ross et al.,
1996). These chemicals have also caused
reproductive failure in both experimental
models and other wildlife species (Hart et
al., 1971; Bruckner et al., 1973; Fry, 1995).
Sea lions may accumulate these contami-
nants via prey since high levels of con-
taminants have been measured in demer-

sal fish species (Zeng and Tran, 2002), as
well as through transplacental transfer and
lactation (Greig et al., 2007).

A calicivirus, San Miguel sea lion virus,
and Leptospira interrogans serovar po-
mona have also been isolated from pre-
mature parturient dams and their pups.
Both Leptospira spp. and caliciviruses
have been associated with reproductive
failure in domestic species, and antibody
prevalence is widespread to both patho-
gens in California sea lions (Smith et al.,
1979; Smith, 2000; Levett, 2001; Cola-
gross-Schouten et al., 2002). Further
studies therefore concluded that the high
prevalence of reproductive failure was
likely due to a combination of exposure
to high organochlorine concentrations and
infectious disease, rather than due to

FIGURE 1. Map of California showing the locations of San Miguel Island and the sea lion rookery (x).
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contaminants alone (O’Shea and Brownell,
1998).

Reproductive failure has since been
reported in California sea lions admitted
to rehabilitation facilities while suffering
from acute intoxication with domoic acid
(Brodie et al., 2006). Domoic acid is a
neurotoxin that binds to glutamate recep-
tors in the brain, resulting in seizures
(Jeffery et al., 2004). It is produced by
algae, especially diatoms of the genus
Pseudo-nitzschia. In 1998, domoic acid
neurotoxic effects were documented in
stranded California sea lions through
exposure from contaminated prey such as
northern anchovies (Engraulis mordax)
and Pacific sardines (Sardinops sagax)
(Scholin et al., 2000). Primary lesions
observed upon histopathologic examina-
tion of the sea lions implicated limbic
system seizure injury consistent with
excitotoxin exposure and included hippo-
campal necrosis and/or atrophy (Silvagni
et al., 2005). Almost one third of all
affected adult females suffered from
reproductive failure due to abortions or
premature live births, and domoic acid
was shown to cross the placenta, as the
toxin was detected in both maternal urine
and fetal fluids (Brodie et al., 2006).
Domoic acid has also been shown to
readily cross the placenta in experimen-
tally exposed rat models (Dakshinamurti
et al., 1993; Levin et al., 2005). It has been
hypothesized that the nonkeratinized skin
of the fetus facilitates transfer of the toxin
by providing a poor barrier to the toxin
after absorption into the amniotic fluid
(Maucher and Ramsdell, 2007).

Since 1998, blooms of domoic acid–
producing Pseudo-nitzschia spp. have
been regularly documented in the South-
ern California Bight, especially between
February and June, and they have been
associated with marine mammal mortality
events in the region (Anderson et al.,
2006; Schnetzer et al., 2007; Goldstein et
al., 2008). Normal pupping of California
sea lions on San Miguel Island occurs in
late May and June; aborted and premature

live pups have been observed as early as
February, increasing in frequency until
mid-May, when pups may become viable
(DeLong et al., 1973). The simultaneous
occurrence of these toxin-producing
spring algal blooms with premature pup-
ping of California sea lions on rookeries,
coupled with evidence of reproductive
failure in domoic acid–intoxicated sea
lions in rehabilitation, suggests that do-
moic acid toxicosis may play a role in
reproductive failure in this species. The
purpose of this study was to investigate the
current causes of premature parturition in
California sea lions on San Miguel Island,
and to evaluate whether domoic acid
contributed to this reproductive failure.

MATERIALS AND METHODS

Animals and sample collection

Sixty-seven aborted or live-born premature
sea lions pups were collected on San Miguel
Island (34.02uN, 120.26uW) from beaches on
the western and northwestern points (North-
west Point to Adams Cove) in 2005 and 2006.
Sampling was conducted during three periods
in the third weeks of March (2006) and April
(2005 and 2006). Therefore, these pups were
considered to be premature since they were
born prior to May 15, when pups become
viable (DeLong et al., 1973). Six pups were
found alive but agonal and were euthanized
with intravenous Beuthanasia-D Solution
(Schering-Plough Animal Health Corporation,
Kenilworth, New Jersey, USA). Fetuses were
weighed and measured for standard length (tip
of snout to tip of tail), axillary girth, umbilical
girth, ventral blubber thickness (mid-ster-
num), and complete sampling (as described
next) was performed on 59 that were fresh and
intact. Partial sampling was performed on 18
fetuses because they were either decomposing
and/or partially scavenged.

Tissue samples from the visceral cavity
(tongue, tonsil, salivary gland, thyroid, thymus,
esophagus, trachea, lung, heart, tracheobron-
chial and mesenteric lymph nodes, stomach,
intestines, liver, gall bladder, spleen, kidney,
adrenal, urinary tract, reproductive tract),
brain, eye, muscle, skin, umbilicus, and
placenta (when available) were preserved in
10% buffered formalin for histologic examina-
tion. Swabs of amniotic fluid, placenta, liver,
spleen, and stomach contents were collected
into Amies transport media without charcoal
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(BD Diagnostics, Franklin Lakes, New Jersey,
USA) for aerobic and Brucella spp. culture,
and swabs of stomach contents were also
collected into Cary-Blair transport medium
(BD Diagnostics) for culture of Campylobac-
ter spp. Swabs were held at 4 C for up to 7
days until processing. Samples of placenta,
brain, aqueous humor, tonsil, tracheobronchial
lymph node, lung, heart, stomach contents,
umbilicus, liver, spleen, adrenal, kidney, and
skeletal muscle were frozen in liquid nitrogen
then stored at 280 C until analysis. Fetal
fluids (amniotic fluid, feces, urine, stomach
contents, serum) were frozen in liquid nitro-
gen in the field and then stored at 280 C until
analysis. Blubber and liver were collected into
Teflon sheets, and bile was collected into glass
vials, and samples were frozen in liquid
nitrogen, and then stored at 220 C (blubber,
liver) and 280 C (bile) until analysis.

Environmental sampling was conducted for
Pseudo-nitzschia spp. and domoic acid during
the aforementioned three sampling periods.
Forty scat samples were collected randomly
off the rookery and frozen at 220 C. Five
vertical plankton tows off the coast of San
Miguel Island were conducted using plankton
nets with a 20-mm-mesh-size Nytex net
(Research Nets, Bothell, Washington, USA)
to obtain water-column samples. Plankton
tows varied from a depth of 3 m (onshore) to
9 m (collected by boat offshore). A minimum
volume of 100 ml of the net tow sample was
placed in a 125-ml NalgeneH bottle (Nalge
Nunc International Corporation, Rochester,
New York, USA), preserved in 1% formalin,
and stored at room temperature for phyto-
plankton identification.

Tissue samples were also collected, as
described already, from fetuses aborted from
74 California sea lions in rehabilitation follow-
ing domoic acid toxicosis (Gulland et al., 2002;
Brodie et al., 2006), after which they were
fixed in formalin and examined by light
microscopy.

Sample analysis

Formalin-fixed tissues were processed by
routine methods for paraffin wax embedding,
sectioned at 5-mm intervals, and stained with
hematoxylin and eosin at the Histology Labo-
ratory, University of California, Davis, Veter-
inary Medical Teaching Hospital. Tissue
sections were examined histologically by a
single pathologist, and special review of select
cases was performed by Dr. T. Spraker,
Colorado State University Veterinary Teaching
Hospital, Fort Collins, Colorado, USA.

Swabs in transport media were submitted to

University of California Davis Veterinary
Microbiology Laboratory for Campylobacter
spp. culture and to the California Animal
Health and Food Safety (CAHFS) Laboratory
for aerobic and Brucella spp. culture. Aerobic
cultures were performed on 5% sheep blood
agar and MacConkey agar and incubated at
35–37 C for 48 hr. The Brucella cultures were
performed on Brucella agar with and without
ethyl violet and incubated at 35–37 C for 10
days. Identification was performed by conven-
tional microbiology methods or by using the
API system (Biomerieux Inc., Marcy l’Etoile,
France; O’Hara et al., 2003). Swabs in Cary-
Blair transport medium were streaked on a
Brucella agar base with 5% sheep blood and
vancomycin, amphotericin B, and cefopera-
zone (Campy-CVA agar; Hardy Diagnostics,
Santa Maria, California, USA) and incubated
at 37 C for 48 to 96 hr in 5.5-l AnaeroPack
containers (Mitsubishi Gas Chemical America,
Inc., New York, New York, USA) using
CampyGen sachets (Oxoid, Inc., Ogdensburg,
New York, USA) to produce a microaerophilic
environment for culture of Campylobacter
spp. (Stoddard et al., 2007).

Polymerase chain reaction (PCR) analysis
was performed by the Colorado Veterinary
Diagnostic Laboratories, Fort Collins, Color-
ado, USA, on kidney and aqueous humor
samples for the detection of Leptospira spp.
and on lung for Chlamydia DNA. Assays
targeting the ompA gene, which codes for
the major outer membrane protein, and the
16 s RNA gene were used to detect chlamydial
and leptospiral DNA, respectively (Hewinson
et al., 1997; Harkin et al., 2003). Marine
Brucella testing was conducted at the Canadi-
an Food Inspection Agency, Ottawa, Ontario,
Canada, with primers targeting the omp2 locus
by infrequent restriction site–PCR(IRS-PCR),
taking into account the higher number of
IS711 elements in their genome to identify
terrestrial mammal and marine Brucella spe-
cies genes (Cloeckaert et al., 2003). Placental
tissues were also examined for Brucella species
by culture and real-time PCR targeting the
Brucella genus-specific outer membrane pro-
tein bcsp31 at the Mystic Aquarium Labora-
tory, Mystic, Connecticut, USA. Liver tissues
were submitted to the University of Florida,
College of Veterinary Medicine, Gainesville,
Florida, USA, for Otarine herpesvirus-1 test-
ing. Primers targeted the DNA polymerase
gene as described by Buckles et al. (2006),
with one modification (annealing temperature
was increased from 60 C to 63 C). Umbilical
tissues were tested for caliciviral RNA by the
Institute of Animal Health, Pirbirght Labora-
tory, UK. A real-time RT-PCR assay targeting
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conserved nucleotide sequences in the RNA-
dependent RNA polymerase (3D) region of the
genome was designed to specifically amplify
marine caliciviral RNA (Reid et al., 2007).
Brain tissues were tested for Toxoplasma
gondii and Sarcocystis neurona DNA at the
Lucy Whittier Molecular and Diagnostic Core
Facility at the University of California, Davis,
California, USA; real-time TaqManH PCR was
used with primers that targeted a conserved
region of the 16 s RNA gene and an internal
fluorescent-labeled TaqMan probe (59 end,
reported dye FAM [6-carboxyflourescein], 39
end, quencher dye TAMRA [6-carboxytetra-
methylrhodamine]).

Special stains and immunohistochemistry
were performed on tissues from selected cases
based on histopathologic findings. Tests in-
cluded the Grocott’s silver stain (GMS) for
fungi, Brown and Brenn (B&B) gram stain and
Steiner stain for bacteria, and polyclonal
antibodies for Toxoplasma, Neospora, and
Sarcocystis spp. as described by Miller et al.
(2001).

Fetal fluids were submitted to the National
Oceans Services Laboratory Marine Biotoxin
Laboratory, Charleston, South Carolina, USA,
for domoic acid analysis using a direct
competitive ELISA (Biosense Laboratories,
Bergen, Norway; Maucher and Ramsdell,
2005). Stomach contents were diluted 1/100,
urine was diluted 1/200, and amniotic fluid
was diluted 1/200 prior to analysis. The
detection limits of this assay were 0.5 ng/ml
for stomach fluid, 15 ng/ml for urine, and
3.0 ng/ml for amniotic fluid. These dilutions
were chosen based on the highest amount of
matrix that could be added to the domoic acid
ELISA without causing a false positive result.
The sample extract from positive samples was
then analyzed to confirm the presence of
domoic acid using tandem mass spectrometry
coupled with liquid chromatographic separa-
tion (LC-MS/MS) as described by Van Dolah
et al. (1997). Rookery scat samples were
subsampled and submitted to the University
of California, Santa Cruz (Dr. M. Silver’s
laboratory), for analysis. Scanning electron
microscopy (SEM) was used to identify
Pseudo-nitzschia spp. Domoic acid was ex-
tracted from rookery scat samples as described
by Bargu et al. (2002), and the extracts were
analyzed for the presence of domoic acid using
high-performance liquid chromatography
(HPLC) equipped with a diode array detector
(DAD) according to methods by Lefebvre et
al. (2002).

Following subsampling for domoic acid
analysis, the rest of the scat samples were
prepared for prey identification at the Nation-

al Marine Mammal Laboratory, Seattle, Wash-
ington, USA. Samples were thawed and rinsed
in nested sieves (1.0 mm, 0.71 mm, 0.5 mm),
fish structures were dried and stored in glass
vials, and cephalopod remains were stored in
vials with 70% isopropyl alcohol. Prey were
identified to the lowest possible taxon by using
sagittal otoliths, skeletal and cartilaginous
remains from fish, and beaks and statoliths
from cephalopods according to methods by
Orr et al. (2004). The abundance of prey taxa
in sea lion scat was described by using the
minimum number of individuals (MNI) and
percent frequency of occurrence (%FO).

Blubber and bile from a subset of pups were
submitted to the Northwest Fisheries Science
Center, Environmental Assessment Program,
Seattle, Washington, USA, for contaminant
analysis. Blubber samples were analyzed for
concentrations of PCBs (congeners 17, 18, 28,
31, 33, 44, 49, 52, 66, 70, 74, 82, 87, 95, 99,
101, 105, 110, 118, 128, 138, 149, 151, 153,
156, 158, 170, 171, 180, 183, 187, 191, 194,
199, 205, 206, 208); DDTs (metabolites o,p-
dichlorodiphenyldichloroethane [DDD], p,p-
DDD, p,p-dichlorodiphenyl-dichloroethylene,
[DDE], o,p-DDT, p,p-DDT, and hexachlo-
robenzene); polybrominated diphenal esters
(PBDE) flame retardants (congeners 28, 47,
49, 66, 85, 99, 100, 153, 154, 183); hexachlo-
robenzene; hexachlorocyclohexanes (a-HCH,
b-HCH); chlordanes (lindane, alpha-chlor-
dane, cis-nonachlor, gamma-chlordane, hepta-
chlor, heptachlor expoxide, nonachlor III,
oxychlordane, trans nonachlor); dieldrin; al-
drin; mirex; and endosulfan sulfate by a gas
chromatography/mass spectrometry method
(Sloan et al., 2005). Summed contaminant
concentrations were calculated by adding the
concentrations of the individual congeners or
metabolites as appropriate. Bile samples were
analyzed for the metabolites of polycyclic
aromatic hydrocarbons (PAHs) using high-
performance liquid chromatography with fluo-
rescence detection (HPLC/uvf) as described
in Krahn et al. (1986). The concentrations of
fluorescent PAHs in bile were determined
using phenanthrene (PHN) and benzo[a]py-
rene (BaP) as external standards and convert-
ing the fluorescence response of bile to
phenanthrene (ng PHN equivalents/g bile)
and benzo[a]pyrene (ng BaP equivalents/g
bile) equivalents. Bile metabolites fluorescing
at phenanthrene wavelengths were considered
to be an indicator of exposure to low-
molecular-weight PAHs, while metabolites
fluorescing at benzo[a]pyrene (BaP) wave-
lengths were considered to be an indicator of
exposure to high-molecular-weight PAHs.

Water samples were submitted to the
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California Department of Public Health
(CDPH), Richmond, California, USA, for
examination by light microscopy for the
presence of toxigenic genera of phytoplankton.
The samples were collected as a part of
CDPH’s volunteer-based Marine Biotoxin
Monitoring Program, which monitors for the
occurrence of toxic algal blooms along the
California coast. The percent composition of
all phytoplankton genera identified in the
sample and the settled volume were estimated,
and then a relative abundance index (RAI) was
derived for Pseudo-nitzschia spp. The RAI was
based on an estimate of cell mass using
estimates of settled cell volume (a), the
percent composition of each species (b), and
the sampling effort as determined by the total
tow length (c): RAI 5 (a3b)/c, for each
sample collected. When possible, phytoplank-
ton were identified to the species level.

RESULTS

Environmental sampling

Pseudo-nitzschia species were identified
in water samples collected during all three
sampling periods and comprised up to 5%

and 10% of the phytoplankton composi-
tion in 2005 and 2006, respectively. The
phytoplankton community included a mix
of toxic (Pseudo-nitzschia australis and
Pseudo-nitzschia seriata) and nontoxic
(Pseudo-nitzschia delicatissima) species
and was for the most part dominated by
the toxic species. Widespread elevated
domoic acid concentrations were found
in shellfish throughout southern California
during the sampling periods, and phyto-
plankton samples tested for domoic acid
during March 2006 at Cal Poly Pier off
San Luis Obispo County tested as a part
of the California Program for Regional
Enhanced Monitoring for PhycoToxins
(Cal-PReEMPT) were positive (G. Lan-
glois, pers. obs.; http://ww2.cdph.ca.gov/
HealthInfo/environhealth/water/Documents/
Shellfish/MonthlyandQuarterlyReports/
2006/Biotoxin_Monthly_0306.pdf). Sev-
enty percent (26/37, three of the 40 scat
samples could not be cleaned sufficiently to
be processed) of the rookery scat samples
contained Pseudo-nitzschia frustules ob-
served by SEM and domoic acid detected

by HPLC. Concentrations of domoic acid
ranged from 10 to 13,300 ng/ml.

Fish otoliths and other skeletal struc-
tures were found in all of the scat samples.
Eleven different prey types were identi-
fied in samples that tested positive for
domoic acid (Fig. 2); northern anchovies
(85%) had the highest percent frequency
of occurrence, followed by Pacific sardines
(48%) and Pacific hake (Merluccius pro-
ductus, 44%). Of the other prey identified,
only Pacific hake occurred alone in a scat
sample that contained domoic acid, while
the other fish occurred with other species.

Animal sampling

Most of the pups collected were in the
early third trimester, since they were
sampled in April (n564), whereas fewer
pups were in the late second trimester,
sampled in March (n513). Overall, the
pups sampled in April were larger (Ta-
ble 1). Dam condition was recorded for 22
of the premature pups: 21 appeared
bright, alert, and in good nutritional status,
and one was observed seizuring and ataxic
but in good nutritional status.

Samples for domoic acid testing were
not obtained from nine premature pups,
and more than one sample type was tested
from 12 pups, resulting in 79 samples from
68 premature pups submitted for testing.
Domoic acid was detected in 17% (12/68)
of fetuses and was measured in multiple
fluids types, including stomach contents,
urine, and amniotic fluid (Table 2). Con-
centrations of the biotoxin ranged from 0.5
to 18 ng/ml. Although the pup collected
from the dam exhibiting signs of acute
domoic acid toxicosis had detectable
domoic acid in both samples submitted
for testing (stomach contents measured
0.7 ng/ml, amniotic fluid measured 9.3 ng/
ml), higher concentrations of domoic acid
were measured in other pups.

A range of histologic lesions was ob-
served in the premature sea lion pups
(Table 3). An inflammatory condition oc-
curred in 50 of 59 (80%) cases, of which
40% had at least one component of simple
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bacterial origin. Most bacterial infections
were systemic (22/25, bacteremia or en-
dotoxemia) and affected the liver, with
variable involvement of other tissues,
including lung, placenta (umbilical cord
epithelium, nonzonary chorion-fetal side
or amnion), conjunctiva, and spleen, and
these were often accompanied by inflam-
matory and squamous cell debris and/or
bacteria in the stomach lumen. Lesions
were characterized by mild to severe
multifocal acute necrosis and inflamma-
tion and, less often, infarction.

An inflammatory response of unknown
etiology was observed in lung and/or brain
of 46% (27/59) of cases. Although this

response sometimes occurred concurrent-
ly with inflammatory lesions of simple
bacterial origin, it was distinct, as the
inflammation was nonsuppurative to gran-
ulomatous, and was variably accompanied
by multinucleated giant cells (or syncytial
cells in the lung), eosinophils, and fewer
neutrophils. This inflammatory response
most often affected the lung (Fig. 3) and
brain to spinal cord, with less frequent
involvement of the lymph nodes, spleen,
heart, and liver. Inflammation in the brain
affected the meninges and/or white and
gray matter, sometimes associated with
central liquefactive necrosis and some-
times limited to meningitis and perivascu-

TABLE 1. Mean, standard deviation (SD), ranges, and sample size (n) of fetal life history variables of fresh
premature pups for which a complete necropsy examination was obtained on San Miguel Island in 2005
to 2006.

Variable

2nd trimester fetuses 3rd trimester fetuses

Mean SD Min Max n Mean SD Min Max n

Length (cm) 55 5 49 66 9 63 4 55 75 50
Axillary girth (cm) 28 2 26 33 9 35 3 30 42 50
Mass (kg) 3 0.8 3 5 9 5 1 3 9 49
Blubber thickness (mm) 4 1 2 5 9 6 2 2 13 49
Blubber % lipid 25 0.05 18 35 14 – – – – –

FIGURE 2. Frequency of occurrence of different prey types identified in California sea lion scat samples
collected off the San Miguel Island rookery and tested for the presence of domoic acid.
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lar cuffing. In two cases, necrotic foreign
material with some semblance to a meta-
zoan larva was within a granulomatous
focus in the brain or lung (Fig. 4). Further
elucidation of the foreign material was not
possible. Brain edema occurred in approx-
imately one third of the cases (n516),
sometimes not accompanied by any other
lesions. The brain edema was mild to
severe, perivascular to interstitial, and
concentrated in the cerebrum to dien-
cephalon. Brain edema did not occur
exclusively in cases with known bacterial
septicemia but did occur in two thirds of
the cases (6/9) with detectable domoic
acid but without other significant lesions.
The zonary placenta was available for
histologic examination in five cases (tissue
blocks from an additional 15 cases could
not be sectioned due to the presence of

sand), three of which had evidence of
placental abruption. Of these three cases,
one had detectable domoic acid and brain
edema without other evidence of disease,
the second had detectable domoic acid
and a mild septicemia, while the third had
brain edema and a severe bacterial
funisitis with mild septicemia (domoic
acid not detected). Moderate to severe
aspiration of squamous, epithelial, and
other cellular debris occurred in 56% of
the cases (30/59). In some cases, the
aspiration appeared substantial enough to
compromise the initial expansion of the
lungs and result in respiratory acidosis,
had the pup survived. Extramedullary
hematopoiesis was common in the liver;
however, when the leukopoieses compo-
nent occurred not only in the portal and
centrilobular regions, as expected, but also
in the sinusoids (where erythropoiesis
occurs in nondiseased fetuses), then liver
damage was also present. Overall, domoic
acid was detected in samples from six
premature pups with the brain edema,
three of which had systemic bacterial
infections and one of which had an
unknown inflammatory condition.

In contrast to the varied findings in the
premature fetuses from the rookery, those
aborted from domoic acid–affected dams
in rehabilitation showed minimal to no
evidence of inflammation or infection.

TABLE 3. Histopathologic findings in 59 fresh premature pups examined on San Miguel Island in 2005 and
2006. The total affected is provided relative to the number of animals in which the tissues were present or
adequate for appropriate histologic assessment of the respective lesion.

Finding Total

Tissue affected
No. domoic
acid positive

(n59/59)Brain Liver Lung
Vagina,

conjunctiva
Placenta/
umbilicus Othera

Bacterial infection: 34/59 4
Local 3 1 2 1
Systemic 31 21 8 3 6 3 3

Inflammatory lesionb 26/59 11 5 16 6 1
Brain edema 19/55 19 6
Placental abruption 3/5 3 2
Aspiration significant 33/59 30 7

a Affected tissue types included heart, spleen, spinal cord, lymph nodes, urinary bladder, and diaphragm.
b Lesions do not include those of known bacterial origin listed in the first row.

TABLE 2. Domoic acid concentrations measured in
fluids collected from premature pups from San
Miguel Island.

Sample type
No. positive/No
samples tested

Domoic acid
concentration (ng/ml)

Stomach contents 9/62 0.3–44.0
Urine 4/7 2.0–17.6
Amniotic fluid 2/6 3.0–9.3
Serum 0/3 ,dla

Feces 0/1 ,dla

Total 15/79

a dl 5 detection limit.
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Common histologic findings were placen-
tal abruption and moderate to severe brain
edema. The brain edema was occasionally
associated with widespread neuronal ne-
crosis, including the laminar cortex, cere-
bellar Purkinje cells, cingulate to para-
cingulate gyrus, and all regions of the
hippocampal formation.

The bacteriology results support the

histopathologic results. Fifty bacterial
isolates were obtained from liver, spleen,
placenta, and stomach tissues (Table 4).
The majority of the isolates was gram
negative, and they were cultured most
often from the stomach, followed by the
liver and spleen; they included Escherich-
ia coli spp. (15 isolates, 12% of fetuses),
Streptococcus phocae (9 isolates, 12% of
fetuses), and Moraxella spp. (8 isolates,
7% of fetuses). Salmonella enteriditis was
cultured from placental tissue and stom-
ach contents from one pup, and Brucella
spp. were cultured from two placentas.
Campylobacter spp. were not cultured
from any fetuses. Results of molecular
diagnostics for other infectious agents
were varied. Polymerase chain reactions
for Otarine herpesvirus-1, Leptospira spp.,
Chlamydia spp., T. gondii, and S. neurona
were all negative. Marine caliciviral RNA
was detected in umbilical tissues of five of
the 59 animals. Two of these five animals
did not have significant histologic lesions,
one had hepatitis due to a systemic simple
bacterial infection, and two had focal
pleocellular encephalitis. Although Bru-
cella was not detected in stomach content

FIGURE 3. Lung from a premature California sea lion pup with lymphohistiocytic and eosinophilic
pneumonia containing syncytial cells. H&E staining. Bar530 mm.

FIGURE 4. Lung from a premature California sea
lion pup with histiocytic and granulocytic pneumo-
nia. The alveolar space contains necrotic foreign
material, approximately 300 mm long, which has
semblance to a metazoan parasite. The tissue has
slight autolysis. H&E staining. Bar550 mm.
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samples by PCR or culture, Brucella DNA
was detected in placental tissues in three
of 59 cases, two of which were culture
positive. Further characterization of this
Brucella infection is ongoing (I. Sidor,
pers. comm.). Lipid content in the 14
blubber samples varied from 18% to 35%

(Table 1). Because of this variation, both
wet weight and lipid normalized values for
contaminants were calculated. The geo-
metric means and 95% confidence limits
were calculated as the pollutant residue
concentrations were log-normally distrib-
uted. The arithmetic means and ranges
were also calculated so that both values
were available for comparison with other
published data. Blubber residues of PCBs,
DDTs, PBDE flame retardants, and the
organochlorine pesticides HCHs, chlor-
danes, dieldrin, aldrin, mirex, endosulfan
sulfate, and bile levels of PAH metabolites
are presented in Table 5. Concentrations
of hexachlorbenzene, aldrin, mirex, and
endosulfan sulfate and some PCB (17, 18,
31, 33, 70, 156, 158, 171, 191, 195, 205,
206, 208, 209) and PBDE flame retardant
(28, 49, 66, 85, 153, 154, 183) congeners
and the chlordane isomer oxychlordane
were less than the lower limit of quanti-
tation. Most of the SDDT in these
premature pups was present in the
metabolite p,p9-DDE (ranging from 91%

to 99%). Similarly, the dominant HCH
isomer was b-HCH (73–100%), and, in
most cases, the summed chlordanes con-
sisted of trans nonachlor (40–80%). We
examined the individual congeners com-
prising the SPCBs and SPBDEs and
found that the dominant PCB congeners
were 138 (12–19%) and 153 (15–27%)
(Fig. 5), and the dominant PBDE conge-
ner was PBDE 47 (58–83%) (Fig. 6).

DISCUSSION

The results of this study indicate that
there were multiple etiologies of abortion
and premature parturition in California
sea lions on San Miguel Island, some of
which have been previously documented,
as well as a novel one, domoic acid.
Pseudo-nitzschia spp. were present both
in the environment in water and rookery
scat samples, and domoic acid was also
detected in the latter. Although not all
species of Pseudo-nitzschia found in the
samples are known to be toxic and domoic
acid levels were not measured in the
phytoplankton samples collected off San
Miguel Island, the widespread and elevat-
ed domoic acid concentrations in shellfish
throughout southern California and the
domoic acid–positive phytoplankton sam-
ples at coastal sites provide additional

TABLE 4. Bacterial isolates from swabs and tissues collected upon postmortem examination of premature
pups from San Miguel Island.

Bacteria Liver Spleen
Stomach
contents Placenta

No.
isolates

Prevalence of
cases (no. cases)

Atypical Escherichia coli 5 4 6 15 12% (7)
Streptococcus phocae 2 3 4 9 12% (7)
Moraxella spp. 3 2 1 2 8 7% (4)
Psychrobacter spp. 1 2 3 5% (3)
Enterobaceteriacea 1 1 1 3 2% (1)
Brucella spp. 2 2 3% (2)
Lactococcus spp. 1 1 1 3 2% (1)
Micrococcus spp. 1 1 2 2% (1)
Salmonella enteriditis 1 1 2 2% (1)
Alpha hemolytic Streptococcus 1 1 2% (1)
Acinetobacter spp. 1 1 2% (1)
Coagulase negative Staphylococcus spp. 1 1 2% (1)

Total 14 14 17 5 50 59
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FIGURE 5. Mean percent PCB congener composition of the total PCB burden in California sea lion
premature pup blubber samples from San Miguel Island (n514). Error bars represent the standard deviation.

TABLE 5. Concentrations of pollutant residues (geometric mean, lower and upper geometric confidence
intervals [CI], arithmetic mean, standard deviation, range, sample size [n]) measured in blubber and bile
samples from premature pups sampled on San Miguel Island.

Blubber contaminant
Geometric

mean

Lower
geometric

CI

Upper
geometric

CI
Arithmetic

mean SD Minimum Maximum n

SPCBs (ng g21, wet weight) 250 150 410 360 370 87 1,200 14
SPCBs (ng g21, lipid weight) 1,000 650 1,600 1,400 1,500 380 5,500 14
SDDTs (ng g21, wet weight) 960 530 1,700 1,700 2,000 290 6,200 14
SDDTs (ng g21, lipid weight) 4,000 2,300 6,900 6,600 8,100 1,300 29,000 14
SHCHs (ng g21, wet weight) 13 7 23 22 25 4 79 14
SHCHs (ng g21, lipid weight) 53 30 94 87 99 20 360 14
SPBDEs (ng g21, wet weight) 76 40 140 140 180 17 620 14
SPBDEs (ng g21, lipid weight) 320 170 580 570 770 75 2,900 14
Schlordanes (ng g21, wet weight) 43 26 71 63 65 12 210 14
Schlordanes (ng g21, lipid weight) 180 110 280 247 240 66 760 14
SOC pesticides (ng g21, wet

weight)a
6 4 9 7 5 3 17 14

SOC pesticides (ng g21, lipid
weight)a

26 18 36 30 19 11 74 14

Bile PAH metabolites:
Benzo[a]pyrene equivalents
(BaP, ng g21, wet weight)

95 73 120 130 150 18 890 33

Phenanthrene equivalents
(PHN ng g21, wet weight)

14,000 13,000 17,000 15,000 6,800 1,600 32,000 33

a Organochlorine (OC) pesticides include aldrin, dieldrin, mirex, and endosulfan sulfate.
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support for the presence of a toxic bloom
off the coast. The concentrations of
domoic acid measured in scat samples
were comparable to those detected in
feces of stranded sea lions seizing follow-
ing domoic acid toxicosis (Scholin et al.,
2000). These values are also comparable to
ranges found in affected sea birds (500–
25,300 ng/ml; Work et al., 1993) and other
marine mammals species, including ceta-
ceans, stranding off the coast of California
(300–1,600 ng/ml; Ch’ng et al., 2000).
Similarly, the concentrations detected in
17% of the premature pups on the rookery
were comparable to those in fetuses from
dams with acute domoic acid toxicosis in
rehabilitation (Brodie et al., 2006). As with
animals in rehabilitation, domoic acid was
detected in fetal urine, amniotic fluid, and
fetal stomach contents. The brain edema
seen in approximately one third of the
cases from San Miguel Island and the
placental abruption in three of the five
examined placentas were similar to those
found in fetuses aborted from dams with
acute domoic acid toxicosis in rehabilita-

tion. Furthermore, five pups that tested
positive for domoic acid did not have
significant lesions other than brain edema
or placental abruption, again as was
observed in domoic acid–affected fetuses
from rehabilitation. The fetal brain edema
and placental abruption appear to be a
manifestation of domoic acid–induced
reproductive failure. Thus, based on the
findings in rehabilitation, similar cases of
reproductive failure from the rookery
were attributed to domoic acid exposure.

The possible association of the brain
edema with in utero hypoxia seems
unlikely based on information available
in human neonatology (Rees and Inder,
2005). In humans, in utero hypoxia-
ischemia often manifests as subleptome-
ningeal and subependymal hemorrhage
variably accompanied by intraventricular
hemorrhage, periventricular leukoenceph-
alomalacia, particularly at the level of the
lateral ventricles, and apoptosis, particu-
larly of oligodendroglia and the neurons in
the periventricular region and cornu
ammonis sector 1 of the hippocampal

FIGURE 6. Mean percent PBDE congener composition of the total PBDE burden in California sea lion
premature pup blubber samples from San Miguel Island (n514). Error bars represent the standard deviation.
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formation, none of which was present in
the fetuses in this study. Seizures of
hippocampal origin have been associated
with paroxysmal hypertension in humans,
and hypertension is one risk factor for
placental abruption (Ananth et al., 1999).
Consequently, it is possible that domoic
acid–induced seizures in the dam could
result in placental abruption and perhaps
translate to fetal hypertension and brain
edema. The possibility of a direct interac-
tion of domoic acid with receptors on the
placenta seems less likely, as in the
placenta, receptors for glutamate activity
have not been identified, but rather the
counteracting mechanisms of glutamate
transporters and gamma-ammobutyric ac-
id (GABA) inhibitory receptors have been
identified (Mathews, 2005). However, the
direct interaction of domoic acid with
receptors in the brain could also explain
the brain edema, being secondary to
seizure activity. The effect of the toxin
on the fetal brain and placenta of unborn
fetuses is unclear, whether it is through a
direct or indirect mechanism, and this
warrants further investigation.

Bacterial infections were a common
finding in these premature pups and often
resulted in systemic lesions including
hepatic necrosis and suppurative pneumo-
nia. The nature and distribution of the
lesions in the fetus and placenta (i.e.,
involvement of the lung, liver, vagina and/
or conjunctiva, and stomach content with
the suppurative inflammation of placenta
associated with the umbilical epithelium,
nonzonary chorion [fetal side], and amni-
on) are suggestive of a bacterial infection
that originated from an ascending infec-
tion of the dam’s reproductive tract, which
then affected the amnion. Common bac-
teria isolated such as E. coli spp. and
Streptococcal spp. have also been fre-
quently cultured from the reproductive
tract of female California sea lions (John-
son et al., 2006), suggesting that opportu-
nistic ascending infections are likely.
Although Brucella spp. were cultured
from two cases, the most common Bru-

cella-associated histologic lesion of necro-
suppurative diffuse placentitis was not
present in the small number of placental
tissues examined (Walker, 2004). None-
theless, the possible association of Brucel-
la infection with reproductive failure in
this species could be significant and
warrants further investigation.

The inflammatory response of unknown
etiology that affected more than one third
of the pups was distinct in distribution and
in morphology and had features suggestive
of several etiologies. Differential diagno-
ses included parasite migration, as a
suspect metazoan larva was seen in brain
and lung; protozoal infection, as features
consistent with congenital infections de-
scribed in other marine mammals were
present (Dubey et al., 2003) but were not
confirmed by additional diagnostics; or
viral infection, such as calicivirus or an
unidentified virus. Although caliciviral
RNA was detected, there was not a clear
association of the infection with histologic
findings. The anticipated caliciviral lesions
of petechial hemorrhage described in
aborted piglets (Smith et al., 1998) were
not present in the sea lion fetuses.

Except for PCB and DDT concentra-
tions, values measured for the other
contaminants are not currently available
in the literature for premature sea lion
pups, and therefore the results presented
here provide a baseline for future com-
parisons. Summed DDTs and PCBs mea-
sured in blubber of premature pups from
San Miguel in the current study were
lower than those measured in premature
pups in the 1970s (DeLong et al., 1973), as
well as those in fetuses aborted from
domoic acid–affected dams in rehabilita-
tion at the Marine Mammal Center
(TMMC) from 1998 to 2002 (Greig et
al., 2007). Geometric mean values report-
ed in blubber tissues at TMMC for PCBs
and DDTs were 760 ng/g wet weight and
2000 ng/g wet weight, respectively, both
of which were more than two times higher
than the geometric mean measured in
these pups sampled in 2005. The data

GOLDSTEIN ET AL.—ROLE OF DOMOIC ACID IN REPRODUCTIVE FAILURE 103

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 16 Sep 2024
Terms of Use: https://bioone.org/terms-of-use



available for the San Miguel samples from
the 1970s were from brain (not blubber);
therefore, a direct comparison cannot be
made. Nonetheless, in 2005, blubber from
premature pups from San Miguel had
lower mean concentrations than brain
from premature pups in the 1970s
(450 ng/g wet weight PCB, 2,400 ng/g
wet weight DDT) and similar concentra-
tions to those measured in brain tissue
from full-term pups (190 ng/g wet weight
PCB, 1,200 ng/g wet weight DDT) on San
Miguel in the 1970s. This suggests the
decrease in total body burden over 30 yr is
marked, as brain from marine mammals
tends to have much lower concentrations
of these organochlorines than blubber
(Jenssen et al., 1996). The DDT metabo-
lite p,p9-DDE and PCB congeners 138
and 153 were consistently dominant
among the studies. The organochlorine
pesticides hexachlorocyclohexanes were
measured in premature sea lions in the
current study and have been reported in
neonatal and stillborn northern fur seals
(Callorhinus ursinus) from Alaska (Möss-
ner et al., 1994). The mean concentration
(52.8 ng/g lipid weight) in the premature
sea lions was four times lower than the
mean value in the fur seal neonates
(217 ng/g lipid weight). The dominant
isomer b-HCH in blubber was consistent
with other studies in marine mammals
(Mössner et al., 1994). The PBDE flame
retardants have been measured previously
in blubber from stranded adult male sea
lions (Stapleton et al., 2006). The geomet-
ric mean concentration measured in these
premature pups of 320 ng/g lipid weight
was an order of magnitude lower than the
mean value of adult males (3,900 ng/g
lipid weight). The dominant congener was
PBDE 47 in both studies, as has been
observed in other marine mammal species
(Stapleton et al., 2006). Interestingly, the
PAH levels in these premature sea lion
pups were relatively high, with a mean
over 13,000 ng/g bile. This level is com-
parable to those documented in harbor
seals (Phoca vitulina) and Steller sea lions

(Eumetopias jubatus) that died after the
Exxon Valdez oil spill (Calkins et al., 1994;
Frost et al., 1994). These high levels could
be a consequence of exposure to the
natural oil seeps off the coast of Santa
Barbara. However, it is unknown if
exposure to PAHs could have contributed
to the abortions or premature parturition
of the sea lions in the current study. A
study evaluating the effects of oil exposure
on mink as a model for reproductive
success in sea otters found oil-exposed
females had reduced reproductive suc-
cess, and their kits experienced poor
survival to weaning (Mazet et al., 2001),
indicating the potential for PAH exposure
to contribute to reproductive failure in
marine mammals.

Although there are similarities with the
findings from the study on sea lion
reproductive failure conducted in the
1970s, a wider range of potential causes
for reproductive failure were found in the
current study. As in the 1970s, calicivirus
was present in premature pups, and
although anticipated histopathology asso-
ciated with caliciviral-induced abortion
was not present, its contribution to
reproductive failure could not be exclud-
ed. In contrast to the earlier study,
evidence of Leptospira infection was not
detected in any of the pups examined,
although leptospirosis is still endemic in
sea lions (Lloyd-Smith et al., 2007).
Organochlorine compounds have de-
creased in tissues from premature pups
since the 1970s, and PAH metabolites
were measured in a subset of animals, but
it is unknown if these compounds con-
tributed to reproductive failure. Bacterial
infections, especially those that commonly
cause ascending infections of the repro-
ductive tract, appear to be common in
premature neonates, and a granulomatous
infection of unknown etiology was also
relatively common. The severity of inflam-
matory lesions was variable, and thus their
contribution to abortion and premature
parturition was uncertain in some instanc-
es. Finally, results indicated that domoic

104 JOURNAL OF WILDLIFE DISEASES, VOL. 45, NO. 1, JANUARY 2009

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 16 Sep 2024
Terms of Use: https://bioone.org/terms-of-use



acid was another factor playing a contrib-
utory role in reproductive failure in
California sea lions on San Miguel Island.
Continued monitoring will determine the
magnitude of effect that the toxin and
other pathogens will have on the popula-
tion in the future.
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