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Abstract: An opportunistic investigation into ecosystem instability in Kachemak Bay (KBay),
Alaska, has led us to investigate exposure to toxic algae in sea otters. We used gene expression to
explore the physiological health of sea otters sampled in KBay in May 2019. We found altered lev-
els of gene transcripts in comparison with reference sea otters from clinically normal, oil-exposed,
and nutritionally challenged populations sampled over the past decade. KBay sea otters were
markedly divergent from the other groups for five genes, which indicated the involvement of neu-
rological, cardiac, immune, and detoxification systems. Further, analyses of urine and fecal sam-
ples detected domoic acid in the KBay sea otters. In combination, these results may point to chron-
ic, low-level exposure to an algal toxin, such as domoic acid. With a warming climate, the fre-
quency and severity of harmful algal blooms in marine environments is anticipated to increase,
and novel molecular technologies to detect sublethal or chronic exposure to algal toxins will help
provide an early warning of threats to the stability of populations and ecosystems.
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1. Introduction

Kachemak Bay (KBay) is a subarctic estuary in southcentral Alaska that provides
habitat for fish, shellfish, marine mammal, and bird species, and supports important
recreational, subsistence, and commercial fisheries. As such, KBay has been named a
State of Alaska Critical Habitat Area, and is the largest National Estuarine Research Re-
serve (NERR) nationwide (https://www.habitatblueprint.noaa.gov/habitat-focus-
areas/kachemak-bay-alaska/, accessed on 2 March 2021). However, as with other coastal
areas, KBay is at risk of changing climate conditions, including the potential for harmful
algal blooms (HABs) and other hazards [1]. Linkages between the health of marine eco-
systems and the health of humans and animals that depend on these ecosystems are
widely recognized, which has led to the “One Ocean-One Health” research model [2—4].
A key component of this approach is the use of marine mammals as sentinels for poten-
tial emerging threats [3,4].

Ideal sentinel species have relatively long lifespans, exhibit high site fidelity, and
feed at higher trophic levels, thus representing and consolidating ecosystem perturba-
tions at identifiable spatial scales. Historically, marine mammal sentinels have been used
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to identify critical threats to humans and ecosystems from chemical contaminants, but
that focus is expanding to include other threats, including those associated with climate
change. Harmful agal blooms (HABs) and emerging or reemerging diseases have in-
creased in frequency in conjunction with climate change [5,6] and may be associated
with increasing mass mortalities in marine mammals [7]. Marine mammals are an ideal
sentinel for the identification of infectious diseases, the effects of contaminants, and the
increased frequency and effects of HABs, all of which have direct or indirect human
health implications [3,5]. As an alternative to measuring threats directly (for HABs in
prey, for contaminants in prey or tissues, and for pathogens), the use of sentinels pro-
vides an alternate viewpoint to assess cumulative impacts from multiple threats and, in
many cases, to identify physiological and mechanistic processes that can be linked to
other species, including humans.

Sea otters (Enhydra lutris) are well-established sentinel species of nearshore ecosys-
tems [8-11]. Sea otters were extirpated from KBay by the end of the fur harvest (around
1900) but began to reoccupy the bay in the mid-1980s. By 2012, they had reoccupied
KBay (estimated ~6000 sea otters), and numbers have remained high [12]. The increasing
sea otter population and resulting effects of density dependence likely contributed to a
proliferation of sea otter mortalities, which in 2006 triggered the declaration of the Unu-
sual Mortality Event (UME) [13]. Causes of this UME have been identified as streptococ-
cal endocarditis, encephalitis and/or septicemia, but the mechanisms underlying sea ot-
ter susceptibility to these diseases have not been discerned [14]. Speculation of the caus-
es of susceptibility to Strep syndrome has included coinfection (Morbillivirus and Bar-
tonella), overlap with the Pacific Marine Heatwave (PMH), and exposure to harmful al-
gal blooms, all of which can compromise immune system function in aquatic organisms,
including sea otters [14-16]. There is emerging evidence that climate change may al-
ready be impacting the frequency and severity of harmful algal blooms (HABs) in ma-
rine environments [17-20]. Prior to the PMH in 2014-2016 [21], marine biotoxins were
detected in 29% of sea otter carcasses (including 26% with domoic acid and 20% with
saxitoxin) [14]. Warming waters are likely to expand the geographic range and duration
of conditions favorable to algal blooms [5]; thus, algal toxins are a growing concern for
sea otters as well as other species in Alaskan marine food webs.

Domoic acid is an algal neurotoxin produced by Pseudo-nitzschia, a widely distrib-
uted algal species. The standard approach for evaluating the risk of domoic acid is to
quantify the abundance of Pseudo-nitzschia and domoic acid levels in shellfish [22]; this
testing is routinely carried out in many coastal areas where shellfish are harvested for
human consumption. In marine mammals, documenting acute domoic acid exposure
has included biochemical testing, histopathology, and the observation of neuroexcitation
clinical signs. However, these methods are insufficient for assessing chronic sublethal
exposures, and the actual extent of domoic acid exposure in marine mammals is likely
underrepresented [23,24]. Identification of chronic, low-level exposure to domoic acid is
critical to our understanding of nearshore ecosystem health for wildlife and human
populations. Thus, an alternative approach for assessing domoic acid exposure is need-
ed to measure the influence of domoic acid on the welfare of the individual, assess phys-
iological reactions, and extend the scope of interpretation to the ecosystem.

Gene-based health diagnostics provide an opportunity for an alternate, whole sys-
tem, or holistic assessment of health not only in individuals or populations but potential-
ly in ecosystems [25]. Although rapid advances in “-omic” technologies offer unparal-
leled opportunities to transform the study of HABs, few studies have used this potential
[5]. Fewer studies have used “-omics” techniques to study the effects of HABs on health
[23,26-28]. Increasingly, gene expression-based diagnostics are being used to monitor
ecosystem and wildlife population health [29,30]. Gene expression is physiologically
driven by intrinsic and extrinsic stimuli, including toxins, infectious agents, contami-
nants, trauma, or nutrition. As key indicators of pathophysiologic status, the earliest ob-
servable signs of health impairment are altered levels of gene transcripts, evident prior
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to clinical manifestation [31], thus providing an early warning of the potentially com-
promised health of individuals, populations, and ecosystems [32]. Gene-based tech-
niques have the ability to improve our understanding of the subtle effects of chronic en-
vironmental perturbations by measuring wildlife’s physiological responses.

We have developed gene expression as a tool to enhance our understanding of how
environmental conditions and stressors may be linked to the health of sea otters [33-35].
Our objective was to evaluate the health of KBay sea otters in comparison to other sea ot-
ter populations across the northern Gulf of Alaska. To do this, we identified gene tran-
script patterns of 13 genes in the KBay sea otters and compared them with transcript
profiles of sea otters from previous studies that are thought to be “normal” and those
that have been associated with specific environmental perturbations.

2. Materials and Methods
2.1. Reference Sea Otters

We identified three free-ranging groups of sea otters from our previous studies to
use as reference populations for comparison with the KBay 2019 sea otters. These in-
cluded a clinically normal sea otter population from the Alaska Peninsula (2009; N = 25;
AP), a population from western Prince William Sound (WPWS) with potential exposure
to lingering oil from the 1989 Exxon Valdez oil spill (2006-2008; N = 82; WPWS1), and a
population from western Prince William Sound experiencing some level of nutritional
deficit due to higher population densities (2010-2012; N = 85; WPWS2) [32,34-36]. Meth-
ods for otter capture, sample processing, and analysis were identical among all popula-
tions and are detailed below in sections 2.2-2.5.

2.2. Kachemak Bay Otters

Twenty adult female sea otters were sampled in KBay, Alaska, between 25 and 30
May 2019. Sea otters were captured and anesthetized, and blood was drawn by jugular
venipuncture within 1-2 h of the initial capture. The capture and sedation methods are
detailed in Murray et al. [37]. These animals were identified as clinically normal by wild-
life veterinarians at the time of blood collection.

2.3. Blood Collection and RNA Extraction

A 2.5 mL sample from each sea otter was drawn directly into a PAXgene blood RNA
collection tube (PreAnalytiX, Zurich, Switzerland) from either the jugular or popliteal veins
and then frozen at 20 °C until extraction of RNA [34]. Rapid RNA degradation and induced
expression of certain genes after blood draws have led to the development of methodologies
for preserving the RNA expression profile immediately after blood is drawn. The PAXgene
tube contains a blend of RNA-stabilizing reagents that protect RNA molecules from degra-
dation by RNases and prevent further induction of gene expression. The RNA from blood in
PAXgene tubes was isolated according to the manufacturer’s standard protocols, which in-
cluded an on-column DNase treatment to remove contaminating gDNA (silica-based micro-
spin technology), and the extracted RNA was stored at —80 °C until analysis. We measured
the concentration and clarity on a Qubit 3.0 Fluorometer using RNA, DNA, and RNA IQ As-
say Kits (Life Technologies, Carlsbad, CA, USA).

2.4. cDNA Synthesis

Standard cDNA synthesis was performed on 2 ug of RNA template from each animal.
Reaction conditions included 4 units of reverse transcriptase (Omniscript®, Qiagen, Valencia,
CA, USA), 1 uM of random hexamers, 0.5 mM of each dNTP, and 10 units of RNase inhibi-
tor in RT buffer (Qiagen, Valencia, CA, USA). Reactions were incubated for 60 min at 37 °C,
followed by an enzyme inactivation step of 5 min at 93 °C, and then stored at —20 °C until
further analysis.
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2.5. Real-Time PCR

The genes chosen for expression profile analysis represent multiple physiological
systems that play a role in immuno-modulation, inflammation, cell protection, tumor
suppression, cellular stress response, xenobiotic metabolizing enzymes, and antioxidant
enzymes. These genes can be modified by biological, physical, or anthropogenic impacts
and consequently provide information on the general type of stressors present in a given
environment (Table 1).

Table 1. Genes used in sea otter analyses (from Bowen et al. [32]).

Gene

Gene Function

S9

Ribosomal Reference Gene [32]

HDC

The HDCMB21P gene codes for a translationally controlled tumor protein (TCTP) implicated in cell growth, cell
cycle progression, malignant transformation, tumor progression, and in the protection of cells against various
stress conditions and apoptosis [38—40]. The upregulation of HDC is indicative of the development or existence
of cancer. Environmental triggers may be responsible for the population-based upregulation of HDC. HDC
expression is known to increase with exposure to carcinogenic compounds, such as polycyclic aromatic
hydrocarbons [41-43].

COX2

Cyclooxygenase-2 catalyzes the production of prostaglandins that are responsible for promoting inflammation
[44]. Cox2 is responsible for the conversion of arachidonic acid to prostaglandin H2, a lipoprotein critical to the
promotion of inflammation [45]. The upregulation of Cox2 is indicative of cellular or tissue damage and an
associated inflammatory response.

CYT

The complement cytolysis inhibitor protects against cell death [46]. The upregulation of CYT is indicative of cell
or tissue death. It is now believed that domoic acid-induced altered Ca*2 homeostasis is key in excitotoxic
apoptosis, which is consistent with our finding of significantly higher levels of CYT in KBay otters [47]; increased
levels of CYT have also been associated with cardiomyopathy [48,49].

AHR

The arylhydrocarbon receptor responds to classes of environmental toxicants including polycyclic aromatic
hydrocarbons, polyhalogenated hydrocarbons, dibenzofurans, and dioxin [50]. Depending upon the ligand, AHR
signaling can modulate T-regulatory (Trec) (immune-suppressive) or T-helper type 17 (Tul7) (pro-inflammatory)

immunologic activity [51,52]. Wang et al. [53] were the first to identify substantial activation of AHR by domoic
acid exposure in fish, a transcriptional response of phase I XME through ligand-activated AHR and ARNT to
domoic acid exposure. AHR binds to toxins, initiating a detoxification cascade and an altered immune response.
Activation of the AHR pathway also contributes to cardiac malformation [54].

THRB

The thyroid hormone receptor beta can be used as a mechanistically based means of characterizing the thyroid-
toxic potential of complex contaminant mixtures [55]. Thus, increases in THR expression may indicate exposure
to organic compounds, including PCBs, and associated potential health effects, such as developmental
abnormalities and neurotoxicity [55]. Hormone-activated transcription factors bind DNA in the absence of
hormones, usually leading to transcriptional repression [56].

HSP70

The heat shock protein 70 is produced in response to thermal or other stress [57,58]. In addition to being
expressed in response to a wide array of stressors (including hyperthermia, oxygen radicals, heavy metals, and
ethanol), heat shock proteins act as molecular chaperones [59]. For example, heat shock proteins aid in the
transport of the AHR/toxin complex in the initiation of detoxification [60].

IL-18

Interleukin-18 is a pro-inflammatory cytokine [44]. It plays an important role in inflammation and host defense
against microbes [61].

IL-10

Interleukin-10 is an anti-inflammatory cytokine [44]. Levels of IL-10 have been correlated with the relative health
of free-ranging harbor porpoises, e.g., increased amounts of IL-10 correlated with chronic disease, whereas the
cytokine was relatively reduced in apparently fit animals experiencing acute disease [62]. The association of IL-10
expression with chronic disease has also been documented in humans [63].

DRB

A component of the major histocompatibility complex, the DRB class II gene, is responsible for the binding and
presentation of processed antigen to T lymphocytes, thereby facilitating the initiation of an immune response
[44,64]. The upregulation of MHC genes has been positively correlated with parasite load [65], whereas the
downregulation of MHC has been associated with contaminant exposure [66].

Mx1

The Mx1 gene responds to viral infection [67]. Vertebrates have an early strong innate immune response against
viral infection, characterized by the induction and secretion of cytokines that mediate an antiviral state, leading
to the upregulation of the MX-1 gene [68].

CCR3

The chemokine receptor 3 binds at least seven different chemokines, and it is expressed on eosinophils, mast cells
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(MC), and a subset of Th cells (Th2) that generate cytokines implicated in mucosal immune responses [69,70]. The
upregulation of CCR3 occurs in the presence of parasites [69,70].

The serotonin transport gene codes for an integral membrane protein that transports the neurotransmitter
serotonin from the synaptic spaces into presynaptic neurons. This transport of serotonin by the SERT protein
terminates the action of serotonin and recycles it in a sodium-dependent manner [71,72]. Algal toxins have been

HTTS associated with increased expression of HTT5 [73]; at the cellular level, domoic acid is an excitatory amino acid
analogue of glutamate, a major excitatory neurotransmitter in the brain known to activate glutamate receptors
[74].
Calmodulin (CaM) is a small acidic Ca2+-binding protein, with a structure and function that is highly conserved
in all eukaryotes. CaM activates various Ca2+-dependent enzyme reactions, thereby modulating a wide range of
CaM cellular events, including metabolism control, muscle contraction, exocytosis of hormones and neurotransmitters,
a and cell division and differentiation [75]. CaM has also been reported to be a pivotal calcium metabolism
regulator in shell formation [76]. Algal toxicity is associated with increased intracellular Ca*2[74,77-82]. This
intracellular excess is toxic to the cells and triggers the activation of several detrimental cascading effects [47].
Real-time PCR systems for the individual, sea otter-specific reference or housekeep-
ing gene (S9) and genes of interest were run in separate wells ((Table 2) (Bowen et al.
[34], Miles et al. [35]). Briefly, 1 uL of cDNA was added to a mix containing 12.5 uL of
Quanti-Tect SYBR Green Master Mix [5 mM Mg2+] (Qiagen, Valencia, CA, USA), 0.5 uL
each of forward and reverse sequence specific primers, and 10.0 uL of RNase-free water;
the total reaction mixture was 25 uL. The reaction mixture cDNA samples for each gene
of interest and the S9 gene were loaded into 96-well plates in duplicate and sealed with
optical sealing tape (Applied Biosystems, Foster City, CA, USA). Reaction mixtures con-
taining water but no cDNA were used as negative controls; thus, approximately 3—4 in-
dividual sea otter samples were run per plate.
Table 2. Sea otter-specific quantitative real-time polymerase chain reaction primers were used in
the analysis of free-ranging otters.
Gene Primer FP1 Primer Name RP1rc Expected Amplicon
Name (bp)
HDC Enlu HDC ATGTTCTCCGACATCTACA Enlu HDC GITTCCTGCAGGTGATGGTT 806
F1 AGATCC Rlrc CATG )
Mv COX2 CATTCCTGATCCCCAGGGC Mv COX2 GTCCACCCCATGGCCCAGT
COX2 79.4
F1 AC Rlrc C
CYT Mv CYTF1 GCTGGACG?((}Z((;AGTTTAGC Mv CYT Rirc GACGCCAGASGGAGCACTG 818
AHR Enlu AHR GCGCTGAGTACCATATACG Enlu AHR CACTAAGCGTGCATTAGAC 76.8
F1 GATGA Rlrc TGAAC '
THRB Mv THRB GGACAAACCGAAGCACTG MvTHRB GGAATATYGAGCTAAGTCC 818
F1 TCCAG Rlrc AAGTGG )
HSP70 Mv HSP70 FCCAGGTGGCGCTGAACCCG Mv HSP70 CCTTGTAGCTCACCTGCACC 85.6
C Rrc TTG
GTACAGAAAACGCATCCC CTGGAGGTCTCATTTCCTITA
IL-18 MvIL-18 F ATACC My IL-18 Rrc AAGG 76.2
GACTTTAAGRGITACCTGG MvIL-10 TCCACSGCCTTGCTCTTRTTY
IL-10 Mv IL-10 F2 GTTGC R2rc TC 83.7
DRB  Mv DRB F CGGCGAGT(;GGAGCCTATAG Mv DRB Rrc CTCCTCTTCCEGGCCATTCC 81.0
Mx1 EnluMx1F CAAGCA%(;FTAC(;XF CAGGAA Enlu Mx1 Rrc  GGTGGCGATGTCCACGTT 79.5
59 Mv S9 F CCAGCGCCACATCAGGGTC Mv S9 Rrc CCCTGGCCTTTCTTGGCGTT 83.4

CG C
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Enlu CCR3 CTGCTGGGCAATGTGGTGG Enlu CCR3 GAAAGAGCAAGTCAGAAAT

CCR3 F TG Rrc GGCC 106

ey EOUCAM oo ooy ore EnluCaM TCTGATCATTTCATCTACTTC 17
F1 Rilrc T

HTT5 EnluFI;TTS TCCTCCTGCCCTACACGA EHIEZTTS CGGTGGTACTGGCCCAG 82

Amplifications were conducted on a Step-One Plus Real-time Thermal Cycler (Ap-
plied Biosystems, Foster City, CA, USA). Reaction conditions were as follows: 50 °C for 2
min, 95 °C for 15 min, 40 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 31 s, an extended
elongation phase at 72 °C for 10 min. Reaction specificity was monitored by melting curve
analysis using a final data acquisition phase of 60 cycles of 65 °C for 30 s and verified by
direct sequencing of randomly selected amplicons [41]. The cycle threshold crossing val-
ues (CT) for the genes of interest were normalized to the S9 housekeeping gene.

2.6. Analysis of Urine and Feces for the Presence of Domoic Acid

Urine was collected by cystocentesis, and feces were collected either by free catch-
ing, manually from the rectum, or opportunistically during processing. Samples were
immediately frozen and stored at —20 °C until toxin analyses were performed. Domoic
acid was extracted from urine and feces, as described by Lefebvre et al. [83]. Domoic ac-
id was quantified in filtered extracts using a commercially available domoic acid com-
petitive ELISA kit, following the instruction protocol supplied by the manufacturer (Bio-
sense® Laboratories, Bergen, Norway, and Abraxis LLC, Warminster, PA, USA), with
minor modifications described in Lefebvre et al. [83]. The limits of detection for domoic

acid in the sample material were 4 ng/g or ml for feces and 0.4 ng/mL urine.

2.7. Statistical Analysis

Analyses of qPCR data used normalized Cr (threshold crossing) values (housekeeping
gene Cr subtracted from the gene of interest Cr); the lower the normalized value, the more
transcripts were present. A change in the normalized value of 2 is approximately equivalent
to a 4-fold change in the amount of the transcript. We calculated the means and standard
deviations for all genes within each population. Differences in means were calculated using
a Kruskal-Wallis non-parametric rank ANOVA test, which included Dunn’s Test for multi-
ple comparisons (NCSS, Statistical and Power Analysis Software, Kaysville, UT, USA). We
then analyzed separation among areas (AP, KBay, WPWS1, WPWS2) and identified genes
influencing separation using multivariate discriminant function analysis (DFA) (NCSS, Sta-
tistical and Power Analysis Software, Kaysville, UT, USA). We used Pearson correlations to
test for the strength of relationships between fecal domoic acid levels (ng/g) and gene ex-
pression levels (normalized Cr) (NCSS, Statistical and Power Analysis Software, Kaysville,

UT, USA).

3. Results
3.1. Gene Expression Analyses

Real-time PCR data are represented as normalized values (NVs); the lower the NV, the
higher the quantity of transcripts. The means and standard deviations for all genes within
each population were calculated (Table 3). We identified the distribution of the average
normalized threshold crossing (Cr) values across genes targeted by a panel of 13 primer
pairs (Figure 1). We identified differences in means among areas for all but two genes (IL-18
and CCR3) using the Kruskal-Wallis non-parametric rank ANOVA test (NCSS, Statistical
and Power Analysis Software, Kaysville, UT, USA). Genes for which KBay otters are most

divergent from the other groups are CYT, AHR, THRB, HTT5, and CaM.
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Table 3. Means, standard deviations (CT values), and ANOVA p values for sea otters sampled in
Kachemak Bay (KBay), the Alaska Peninsula, and Western Prince William Sound (WPWS1 and
WPWS2). Letter (a,b,c,d) differences denote significant differences among populations (Kruskal-
Wallis with Dunns” multiple comparison); lack of a letter (a,b,c,d) denotes no significant difference
from any other group. Note: lower numbers indicate higher expression levels. Gene abbreviations
and descriptions are provided in Table 1.

N=20 N=27 N =81 N=87
Mean Mean Mean Mean
(SD) (SD) (SD) (SD)
a b b a
HDC 1o 7 ) (s
ab b a c
coxe 200 7 76 153
_ a b b b
o0 %) o) i)
_ a a a b
-
a,c a b c
e 5% B o -
a,c b b c
- -
a b,c c b
1L-18 ?15252) 2(;16.4512) (13.9012) (21%052) 0.063
a,c b b c
- -
a — c b,d — cd
w22 -
a,c a b c
w e B e Em
a1 o1y 040 019
— a b b c
HTTS 092 ot 0 220,
CaM 7.48 4 -0.093 ® -1.75¢ -0.67° 0.00

(3.34) (0.70) (0.92) (0.40)




Oceans 2022, 3

408

CT Value

20 +

10 4

-10 -

| é é el

i l%’+'l'

WPWS2

HDC

T
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T T T T T T T T T T T
cYT AHNR THRS HSPTO 81} L10 ORB MX1 CCR3 MTTS Caw

Gene

Figure 1. Real-time PCR data on 13 genes sampled in sea otters. Normalized values (NVs) are pre-
sented; the lower the NV, the higher the quantity of transcripts (i.e., smaller values = more tran-
scripts). Boxes are delineated by the 25th and 75th percentiles. The 50th percentile median is indi-
cated. Whisker length uses the classic method of box edge + (1.5; interquartile range), and outliers
have been removed. Gene abbreviations are provided in Table 1. Blood was sampled in sea otters
in Alaska Peninsula (AP) (2009), Kachemak Bay (KBay) (2019), Western Prince William Sound
(WPWSI1) (2006-2008), and WPWS2 (2010-2012). We identified differences in means for all but two
genes (IL-18 and CCR3) using the Kruskal-Wallis non-parametric rank ANOVA test (NCSS, Statis-
tical and Power Analysis Software, Kaysville, UT, USA). Genes for which KBay otters are most di-
vergent from the other groups are CYT, AHR, THRB, HTT5, and CaM.

Discriminant function analysis of transcript patterns identified a clear separation of
KBay sea otters from the other groups (AP, WPWS1, WPWS2) (Figure 2). Consistent
with the ANOVA results, all genes except HSP70 and CCR3 contributed to the separa-
tion of populations.
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'20 T T T T T 1
-100 -50 0 50 100 150 200

Score2

Figure 2. Discriminant function analysis of transcript patterns of sea otters from 4 areas, including
Kbay. Each data point corresponds to an individual sea otter and represents the centroid of gene
expression levels as a function of discriminant variables 1 and 2, which maximize individual sepa-
ration.

3.2. Analysis of Urine and Feces for the Presence of Domoic Acid

Urine samples from four otters and fecal samples from eight otters were analyzed
for the presence of domoic acid. Domoic acid was detected in all four urine samples, and
seven of the eight fecal samples were analyzed via enzyme-linked immunosorbent as-
says (ELISA). Domoic acid concentrations ranged from 0.7 to 20 ng/mL in urine and
from 38 to 651 ng/g in feces (Supplementary Spreadsheet S1). No significant correlations
were found between gene expression levels and levels of domoic acid in feces (Table 4).

Table 4. Pearson correlations between levels of fecal domoic acid (ng/g) and gene expression
(normalized CT).

Gene Pearson Correlation p Value
HDC 0.39 0.39
COX2 0.097 0.84
CYT -0.31 0.50
AHR 0.73 0.062
THRB 0.18 0.69

HSP70 0.52 0.23
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IL-18 0.31 0.49
IL-10 0.035 0.94
DRB 0.53 0.22
Mx1 0.16 0.73
CCR3 0.74 0.057
CaM 0.23 0.62
HTT5 0.12 0.80

4. Discussion

This is an initial examination of gene transcript data from sea otters captured in
May 2019 in KBay, Alaska. We have chosen to compare transcript levels of KBay sea ot-
ters with those from sea otters previously captured in nearby areas (AP in 2009, WPWS1
in 2006-2008, and WPWS2 in 2010-2012), as these groups represent a range of tran-
scriptomic responses. The Alaska Peninsula otters represent “healthy” sea otters that
were not subject to substantial hydrocarbon exposure, disease, or food limitations. These
interpretations are further supported by population status and trajectory data, indicating
that the AP population of sea otters was below the carrying capacity when sampled in
2009 [32,33,84]. Transcript profiles in WPWS2 otters are characterized by relatively low
levels of expression across the gene panel. Low levels of T-cell-linked gene transcripts
may indicate a nutritional deficit [85] or an unbalanced physiological resource alloca-
tion. This interpretation is consistent with data on energy intake rates of various sea ot-
ter populations, indicating that food resources for sea otters in WPWS2 were relatively
limited [84], and it is also supported by the population status of stable or near carrying
capacity for WPWS2 [32]. The WPWS1 sea otters were sampled at a time when exposure
to lingering oil from the Exxon Valdez oil spill was still a concern [86]. These sea otters
appeared to have immunological or physiological responses that indicated greater or-
ganic compound exposure relative to the other groups examined (Alaska Peninsula,
Katmai, Kodiak, WPWS2), consistent with a polycyclic aromatic hydrocarbon (PAH)-
induced profile [32]. Thus, these three groups provide a useful context for evaluating the
KBay gene expression results.

Domoic acid is a marine neurotoxin produced by some diatom species of the genus
Pseudo-nitzschia. Although large-scale mortality events have been reported in marine
mammal and sea bird populations due to the consumption of domoic acid-contaminated
fish [22,87-91], there have been no historical reports of major toxic events in Alaska re-
lated to domoic acid. In California, however, marine mammal mortalities associated
with domoic acid toxicity occur yearly [20], and more effort has been directed toward
understanding the mechanisms and effects of domoic acid toxicity. Acute, subacute, and
chronic domoic acid exposure can elicit a wide range of physiological impacts
[24,74,92,93].

Acute domoic acid poisoning is characterized by a constellation of clinical symp-
toms and signs involving multiple organ systems, including the gastrointestinal tract,
the central nervous system (CNS), and the cardiovascular system [74]. Domoic acid has a
high affinity for glutamate receptors [94]. After binding to glutamate receptors, domoic
acid induces excitotoxicity through cell depolarization and a subsequent increase in in-
tracellular calcium and apoptosis [95]. A widely accepted route of pathogenesis is the in-
itial direct interaction with the heart [96], as domoic acid engages glutamate receptors in
the mammalian heart, causes calcium-associated perturbation, and results in apoptotic
damage [96]. Chronic asymptomatic domoic acid poisoning appears to cause the same
physiological perturbations as acute domoic acid poisoning but at subclinical levels,
making observational detection more difficult [93].

We identified five genes in KBay otters with markedly divergent expression levels
from otters in the other three areas: AHR, HTT5, THRB, CaM, and CYT. In comparison
with the other groups, the KBay otters exhibited extremely high levels of AHR expres-
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sion. The AHR pathway is a well-characterized response mechanism of crude oil expo-
sure that contributes to cardiac malformations [54]. At the most basic level, exposure of
an organism to a hydrocarbon leads to immediate changes in gene expression related to
xenobiotic metabolism, as well as changes in expression that may lead to impairment of
important biological processes and abnormal development [47]. Mammalian cytochrome
P450 1A (CYP1A) expression is regulated by the ligand-activated transcription factor,
AHR, and its dimerization partner, the aryl hydrocarbon receptor nuclear translocator
(ARNT) [53]. The KBay sea otters had transcript profiles very different from those of ot-
ters with suspected oil exposure (WPWS1), and in fact, oil exposure is not suspected to
be a factor influencing transcript profiles in KBay, although we did not measure levels of
oil or oil components in KBay sea otters. An alternative hypothesis is that increased lev-
els of AHR may be linked to exposure to harmful algal bloom toxins. Although Wash-
burn et al. [97] documented the induction of the AHR/ARNT complex in fish exposed to
brevetoxin, Wang et al. [53] were the first to identify substantial activation of AHR,
ARNT, and CYP1A by domoic acid exposure in fish, a transcriptional response of phase
I XME through ligand-activated AHR and ARNT to domoic acid exposure. AHR binds
to toxins, initiating a detoxification cascade and an altered immune response.

In addition to AHR, we identified very high levels of HTT5 (sodium-dependent
serotonin transporter) in KBay sea otters. HTT5 is a serotonin transport gene coding for
an integral membrane protein (SERT) that transports the neurotransmitter serotonin
from the synaptic spaces into presynaptic neurons. Transport of serotonin by the SERT
protein terminates the action of serotonin and recycles it in a sodium-dependent manner
[71,72]. Coincidentally, algal toxins have been shown to be excitatory to neurotransmit-
ters and receptors [28,27]. Pazos et al. [73] identified increased expression of HTT5 in
mussels (Mytilus galloprovincialis) exposed to domoic acid. At the cellular level, domoic
acid is an excitatory amino acid analogue of glutamate, a major excitatory neurotrans-
mitter in the brain, and is known to activate glutamate receptors [74]. The molecular tar-
gets for glutaminergic neurotransmission are ubiquitously expressed in the heart and
other tissues [74,98-101], providing evidence that the molecular targets for excitatory
neurotransmission and neurotoxicity of excitatory amino acids are present in the human
heart. In fact, the heart was one of the most affected organs in sea lions that died of do-
moic acid intoxication [102,74]. Domoic acid exposure has been identified as a risk factor
associated with myocarditis and dilated cardiomyopathy in southern sea otters
[24,74,103].

Another effect of domoic acid toxicity is increased intracellular Ca?* [74,77-82]. This
intracellular excess is toxic to the cells and triggers the activation of several detrimental
cascading effects [47]. Altered cardiac gene expression, particularly for genes involved in
intracellular Ca*> homeostasis and excitation—contraction coupling, may directly con-
tribute to cardiotoxicity [104,47]. It is now believed that domoic acid-induced altered
Ca*2 homeostasis is key to excitotoxic apoptosis, which is consistent with our finding of
significantly higher levels of CYT in KBay sea otters [47]. Increased levels of CYT have
also been associated with cardiomyopathy [48,49]. Additionally, CaM levels in KBay sea
otters were significantly lower than in reference otters, which is consistent with high in-
tracellular Ca*? levels. Studies of California sea otters have shown an association be-
tween cardiomyopathy and domoic acid exposure [24]. We also identified relatively low
levels of thyroid hormone receptor beta, THRB, in KBay sea otters. Serum thyroid hor-
mones are altered by several excitatory amino acids, including domoic acid, suggesting
that these compounds can modulate the regulation of hormone secretion from the pitui-
tary-thyroid axis [74,105,106], which may explain the low THRB transcript levels in
KBay sea otters.

In combination, these marked differences in gene transcript levels in KBay sea ot-
ters relative to sea otters in other areas of Alaska may point to chronic, low-level expo-
sure to an algal toxin, such as domoic acid. Similar to what was seen in the 2014-2016
PMH, water temperatures in KBay were unusually warm during the summer of 2019
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[107]. Water quality sampling in KBay in 2019 confirmed the presence of the toxin-
producing algae genera Dinophysis, Alexandrium, and Pseudo-nitzschia in most months of
the year, with Pseudo-nitzschia dominant from July to August. Although no HABs were
noted in the main part of KBay, blooms were observed in several sub-bays [108]. It is
important to note that because sea otters consume large amounts of benthic filter-
feeding invertebrates that bioconcentrate domoic acid, they are indicators of domoic ac-
id trophic transfer [24]. It seems plausible, especially in consideration of domoic acid de-
tection in urine and fecal samples, that sea otters in KBay were experiencing chronic ex-
posure to low levels of domoic acid toxins.

It is understood that climate change will impact the frequency and severity of HABs in
marine environments [17-19], as warming waters will expand the range and duration of
conditions favorable to algal blooms [109,110]. Although the acute effects of high domoic ac-
id exposure are well known [47], little information exists on the effects of repeated, low doses
of domoic acid on mammals [24,93,94]. More recently, the lasting health effects of repeated
domoic acid exposure in humans and wildlife have been recognized [24]. Identification of
organisms experiencing chronic, low-level exposure to domoic acid is critical to our under-
standing of nearshore ecosystem health for wildlife and human populations. Our data indi-
cate that, in fact, sea otters in KBay are exposed to sublethal doses of domoic acid, as 100% of
the urine samples (1 = 4 individuals) and 88% of the fecal samples (1 = 8 individuals) ana-
lyzed from live sea otters in 2019 contain the toxin. Further, Burek Huntington et al. [14] also
found~25% of sea otter carcasses tested for HABs had detectable levels of domoic acid and
saxitoxin. However, there is no way to determine the actual domoic acid doses that these an-
imals are experiencing based on fecal and urine domoic acid concentrations, as these sam-
ples are only a snapshot in time, with no information on the duration of exposure and up-
take and depuration rates. The domoic acid concentrations quantified here are in the range
of those measured in urine and fecal samples from California sea lions (Zalophus californi-
anus) with known domoic acid toxicosis (Figure 2 in Lefebvre et al. [83]); however, it is not
known what the total dose or duration of exposure was for any of the sea otters in our study.
In addition, although in a functional system we expect a transcriptional response from cer-
tain genes upon exposure to a corresponding stressor due to the complexities of the integrat-
ed signaling networks involved, we would not necessarily anticipate a linear relationship be-
tween fecal domoic acid level and the quantity of gene transcript. With exposure, there will
likely be an immediate (minutes) and synchronous activation of multiple genes, followed by
restriction of adaptive responses (negative feedback loops to avoid immunopathology).
Simultaneously, depuration of the toxin occurs, with the end result of a very complex rela-
tionship between gene transcripts and the presence of a toxin, such as domoic acid. Domoic
acid concentrations quantified at a single time point in naturally exposed animals do not de-
pict total exposure or duration of exposure.

In the future, the advent of single-cell analysis should “provide us with a compre-
hensive view of basic characteristics such as the presence of thresholds and signal noise
in gene expression” [111], but at present, in follow-up studies, the goal will be to refine a
more general exposure/response model. The fact that the live sea otters appeared to be
healthy and did not experience overt excitotoxic behaviors suggests that exposure is low
and subacute. Further studies examining domoic acid dynamics in sea otter prey species
would help identify sublethal mechanisms and/or avenues of toxicity.

The gene expression differences observed between the KBay sea otters and those from
other areas suggest significant physiological perturbations in the KBay population. The ex-
pression levels of these five genes can be modified by more than one environmental stressor
(Table 1). This, in combination with the lack of extensive environmental data, precludes us
from making definitive linkages between domoic acid and gene expression patterns. How-
ever, the patterns of altered gene transcripts and physiological systems affected, in conjunc-
tion with the detection of domoic acid in urine and fecal samples, point toward exposure to
an algal toxin. Subsequently, the role of domoic acid as a cause of harmful physiological
changes, and its routes, duration, and severity of exposure warrant further investigation.



Oceans 2022, 3 413

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Spreadsheet S1.

Author Contributions: Conceptualization: S.K., K.K,, and K.L.; Methodology: S.K., KL., and L.B,;
Formal Analysis: L.B. and S.W.; Data Curation: S.W.; Writing—Original Draft Preparation: L.B.,
B.W., B.B.,, HC. SK, KL, and M.S.M.; Writing—Review and Editing: M.M., KK, D.M., B.B,, H.C,,
S.W.,, and C.C; Project Administration: C.C. All authors have read and agreed to the published
version of the manuscript.

Funding: Principal funding for the capture and collection of samples that occurred in Kachemak
Bay was provided by the USFWS Marine Mammals Management. USGS Ecosystems Mission Area
provided funding for gene expression analysis. Support for algal toxin analyses was provided by
ECOHAB project number NA20NOS4780195 (to KAL; ECOHAB contribution #1017).

Institutional Review Board Statement: Kachemak Bay field activities were conducted under the
Marine Mammal Protection Act USFWS permit (MA041309)

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Supplementary
Spreadsheet S1.

Acknowledgments: We appreciate contributions made to this study. The findings and conclusions
in this article are those of the authors and do not necessarily represent the views of the U.S. Fish
and Wildlife Service.. We thank all of the field assistance—specifically, George Esslinger, Joe
Tomoleoni, Bill Beatty, Luke Porter, Markus Horning, and Alaska Sea Life Center Veterinary Staff
for their sea otter sampling efforts, Alaska Maritime National Wildlife Refuge, NOAA Kasitsna
Bay Laboratory, and the R/V Alaskan Gyre for their services and support during the project. Any
use of trade, firm, or product names is for descriptive purposes only and does not imply endorse-
ment by the U.S. Government.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

N

10.

11.

12.

13.

NCCOS (National Centers for Coastal Ocean Science). State of Kachemak Bay Report Highlights Long-term Monitoring Data—
NCCOS Coastal Science Website (noaa.gov); State of Kachemak Bay; NOAA Kasitsna Bay Laboratory: Homer, AK, USA, 2021.
Wilcox, B.A.; Aguirre, A.A. One ocean, one health. EcoHealth 2004, 1, 211-212. https://doi.org/10.1007/s10393-004-0122-6.
Bossart, G.D. Marine Mammals as Sentinel Species for Oceans and Human Health. Vet. Pathol. 2011, 48, 676-690.
https://doi.org/10.1177/0300985810388525.

Schwacke, L.H.; Gulland, F.M.; White, S. Sentinel species in oceans and human health. In Environmental Toxicology; Springer:
New York, NY, USA, 2013; pp. 503-528. https://doi.org/10.1007/978-1-4614-5764-0_18.

Wells, M.L.; Karlson, B.; Wulff, A.; Kudela, R.; Trick, C.; Asnaghi, V.; Berdalet, E.; Cochlan, W.; Davidson, K.; De Rijcke, M.; et
al. Future HAB science: Directions and challenges in a changing climate. Harmful Algae 2020, 91, 101632.
https://doi.org/10.1016/j.hal.2019.101632.

Burge, C.A.; Hershberger, P.K.; Behringer, D.C.; Silliman, B.R.; Lafferty, K.D. Climate change can drive marine diseases. In
Marine Disease Ecology; Behringer, D.C,, Silliman, B.R., Lafferty, K.D., Eds.; Oxford University Press: Oxford, UK, 2020.
Landsberg, J.H.; Lefebvre, K.A.; Flewelling, L.]. Effects of Toxic Microalgae on Marine Organisms. In Toxins and Biologically
Active Compounds from Microalgae, 1st ed.; Rossini, G.P., Ed.; CRC Press: Boca Raton, FL, USA, 2014; pp. 379-449.

Jessup, D.A.; Miller, M.; Kreuder-Johnson, C. Sea otters in a dirty ocean. |. Am. Vet. Med. Assoc. 2007, 231, 1648-1652.
https://doi.org/10.2460/javma.231.11.1648.

Miller, M.A.; Kudela, RM.; Mekebri, A.; Crane, D.; Oates, S.C.; Tinker, M.T.; Staedler, M.; Miller, W.A.; Toy-Choutka, S.;
Dominik, C.; et al. Evidence for a Novel Marine Harmful Algal Bloom: Cyanotoxin (Microcystin) Transfer from Land to Sea
Otters. PLoS ONE 2010, 5, e12576. https://doi.org/10.1371/journal.pone.0012576.

Oates, S.C.; Miller, M.A; Byrne, B.A.; Chouicha, N.; Hardin, D.; Jessup, D.; Dominik, C.; Roug, A.; Schriewer, A.; Jang, S.S.; et
al. Epidemiology and potential land-sea transfer of enteric bacteria from terrestrial to marine species in the Monterey Bay Re-
gion of California. ]. Wildl. Dis. 2012, 48, 654—-668. https://doi.org/10.7589/0090-3558-48.3.654.

Shapiro, K,; Silver, M.W.; Largier, J.L.; Conrad, P.A.; Mazet, J.A.K. Association of Toxoplasma gondii oocysts with fresh, estu-
arine, and marine macroaggregates. Limnol. Oceanogr. 2012, 57, 449-456. https://doi.org/10.4319/10.2012.57.2.0449.
Garlich-Miller, J.L.; Esslinger, G.G.; Weitzman, B.P. Aerial Surveys of Sea Otters (Enhydra lutris) in Lower Cook Inlet; Alaska. U.S.
Fish and Wildlife Technical Report MMM 2018-01; U.S. Fish and Wildlife Service: Anchorage, AK, USA, 2018.

Gill, V.A. Marine Mammal Unusual Mortality Event Initiation Protocol for Northern Sea Otters; U.S. Fish and Wildlife Service Re-
port; U.S. Fish and Wildlife Service: Anchorage, AK, USA, 2006.



Oceans 2022, 3 414

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Huntington, K.A.B.; Gill, V.A.; Berrian, A.M.; Goldstein, T.; Tuomi, P.; Byrne, B.A.; Worman, K.; Mazet, ]. Causes of Mortality
of Northern Sea Otters (Enhydra lutris kenyoni) in Alaska From 2002 to 2012. Front. Mar. Sci. 2021, 8, 105.
https://doi.org/10.3389/fmars.2021.630582.

Banuet-Martinez, M.; Espinosa-de Aquino, W.; Elorriaga-Verplancken, F.R.; Flores-Moran, A.; Garcia, O.P.; Camacho, M;
Acevedo-Whitehouse, K. Climatic anomaly affects the immune competence of California sea lions. PLoS ONE 2017, 12,
e0179359.

Neves, R.A.; Nascimento, S.M.; Santos, L.N. Harmful algal blooms and shellfish in the marine environment: An overview of
the main molluscan responses, toxin dynamics, and risks for human health. Environ. Sci. Pollut. Res. 2021, 28, 55846-55868.
https://doi.org/10.1007/s11356-021-16256-5.

Berdalet, E.; Fleming, L.E.; Gowen, R.; Davidson, K.; Hess, P.; Backer, L.C.; Moore, S.K.; Hoagland, P.; Enevoldsen, H. Marine
harmful algal blooms, human health and wellbeing: Challenges and opportunities in the 21st century. J. Mar. Biol. Assoc. 2016,
96, 61-91. https://doi.org/10.1017/S0025315415001733.

Gobler, C.J.; Doherty, O.M.; Hattenrath-Lehmann, T.K.; Griffith, A.W.; Kang, Y; Litaker, R W. Ocean warming since 1982 has
expanded the niche of toxic algal blooms in the North Atlantic and North Pacific oceans. Proc. Natl. Acad. Sci. USA 2017, 114,
4975-4980. https://doi.org/10.1073/pnas.1619575114.

McCabe, R.M.; Hickey, B.M.; Kudela, R.M.; Lefebvre, K.A.; Adams, N.G.; Bill, B.D.; Gulland, F.M.D.; Thomson, R.E.; Cochlan,
W.P.; Trainer, V.L. An unprecedented coastwide toxic algal bloom linked to anomalous ocean conditions. Geophys. Res. Lett.
2016, 43, 10366-10376. https://doi.org/10.1002/2016GL070023.

Anderson, D.M.; Fensin, E.; Gobler, C.J.; Hoeglund, A.E.; Hubbard, K.A.; Kulis, D.M.; Landsberg, J.H.; Lefebvre, K.A,;
Provoost, P.; Richlen, M.L.; et al. Marine harmful algal blooms (HABs) in the United States: History, current status and future
trends. Harmful Algae 2021, 102, 101975. https://doi.org/10.1016/j.hal.2021.101975.

Suryan, RM.; Arimitsu, M.L.; Coletti, H.A.; Hopcraft, R.R.; Lindeberg, M.R.; Barbeaux, S.J.; Batten, S.D.; Burt, W.].; Bishop,
M.A.; Bodkin, J.L. et al. Ecosystem response persists after a prolonged marine heatwave. Sci. Rep. 2021, 11, 6235.
https://doi.org/10.1038/s41598-021-83818-5.

Scholin, C.A,; Gulland, F.; Doucette, G.J.; Benson, S.; Busman, M.; Chavez, F.P.; Cordaro, J.; DeLong, R.; De Vogelaere, A.;
Harvey, J.; et al. Mortality of sea lions along the central California coast linked to a toxic diatom bloom. Nature 2000, 403, 80—
84. https://doi.org/10.1038/47481.

Lefebvre, K.A; Frame, E.R.; Gulland, F.; Hansen, J.D.; Kendrick, P.S.; Beyer, R.P.; Bammler, T.K.; Farin, F.M.; Hiolski, E.M.;
Smith, D.R; et al. A novel antibody-based biomarker for chronic algal toxin exposure and sub-acute neurotoxicity. PLoS ONE
2012, 7, €36213. https://doi.org/10.1371/journal.pone.0036213.

Moriarty, M.E.; Tinker, M.T.; Miller, M.A.; Tomoleoni, J.A.; Staedler, M.M.; Fujii, J.A.; Batac, F.I,; Dodd, E.M.; Kudela, R.M.;
Zubkousky-White, V.; et al. Exposure to domoic acid is an ecological driver of cardiac disease in southern sea otters. Harmful
Algae 2021, 101, 101973. https://doi.org/10.1016/j.hal.2020.101973.

Acevedo-Whitehouse, K.; Duffus, A.L.J. Effects of Environmental Change on Wildlife Health. Philos. Trans. R. Soc. B Biol. Sci.
2009, 364, 3429-3438. https://doi.org/10.1098/rstb.2009.0128.

Hiolski, E.M.; Kendrick, P.S.; Frame, E.R.; Myers, M.S.; Bammler, T.K,; Beyer, R.P.; Farin, F.M.; Wilkerson, H.W.; Smith, D.R,;
Marcinek, D.J.; et al. Chronic low-level domoic acid exposure alters gene transcription and impairs mitochondrial function in
the CNS. Aquat. Toxicol. 2014, 155, 151-159. https://doi.org/10.1016/j.aquatox.2014.06.006.

Lefebvre, K.A.; Tilton, S.C.; Bammler, T.K.; Beyer, R.P.; Srinouanprachan, S.; Stapleton, P.L.; Farin, F.M.; Gallagher, E.P. Gene
expression profiles in zebrafish brain after acute exposure to domoic acid at symptomatic and asymptomatic doses. Toxicol.
Sci. 2009, 107, 65-77. https://doi.org/10.1093/toxsci/kfn207.

Ryan, J.C.; Morey, ].S.; Ramsdell, ].S.; van Dolah, F.M. Acute phase gene expression in mice exposed to the marine neurotoxin
domoic acid. Neuroscience 2005, 136, 1121-1132. https://doi.org/10.1016/j.neuroscience.2005.08.047.

Blanchong, J.A.; Robinson, S.J.; Samuel, M.D.; Foster, ].T. Application of genetics and genomics to wildlife epidemiology. J.
Wildl. Manag. 2016, 80, 593-608. https://doi.org/10.1002/jwmg.1064.

Danovaro, R.; Carugati, L.; Berzano, M.; Cahill, A.E.; Carvalho, S.; Chenuil, A.; Corinaldesi, C.; Cristina, S.; David, R;;
Dell’Anno, A; et al. Implementing and innovating marine monitoring approaches for assessing marine environmental status.
Front. Mar. Sci. 2016, 3, 213. https://doi.org/10.3389/fmars.2016.00213.

McLoughlin, K.; Turteltaub, K.; Bankaitis-Davis, D.; Gerren, R.; Siconolfi, L.; Storm, K.; Cheronis, ].; Trollinger, D.; Macejak,
D.; Tryon, V.; et al. Limited Dynamic Range of Immune Response Gene Expression Observed in Healthy Blood Donors Using
RT-PCR. Mol. Med. 2006, 12, 185-195. https://doi.org/10.2119/2006-00018.McLoughlin.

Bowen, L.; Miles, A K,; Ballachey, B.; Waters, S.; Bodkin, J. Gene Transcript Profiling in Sea Otters Post-Exxon Valdez Oil Spill:
A Tool for Marine Ecosystem Health Assessment. J. Mar. Sci. Technol. 2016, 4, 39. https://doi.org/10.3390/jmse4020039.

Tinker, M.T.; Bodkin, J.L.; Bowen, L.; Ballachey, B.; Bentall, G.; Burdin, A.; Coletti, H.; Esslinger, G.; Hatfield, B.B.; Kenner,
M.C;; et al. Sea otter population collapse in southwest Alaska: Assessing ecological covariates, consequences, and causal fac-
tors. Ecol. Monogr. 2021, 91, e01472. https://doi.org/10.1002/ecm.1472.



Oceans 2022, 3 415

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Bowen, L.; Miles, A K.; Murray, M.; Haulena, M.; Tuttle, J.; Van Bonn, W.; Adams, L.; Bodkin, J.L.; Ballachey, B.E.; Estes, J.A.;
et al. Gene transcription in sea otters (Enhydra lutris); emerging diagnostics in marine mammal and ecosystem health. Mol.
Ecol. Resour. 2012, 12, 67-74. https://doi.org/10.1111/j.1755-0998.2011.03060.x.

Miles, A.K.; Bowen, L.; Ballachey, B.; Bodkin, J.; Murray, M.; Estes, J.L.; Keister, R.A.; Stott, J.L. Variations of transcript profiles
between sea otters (Enhydra lutris) from Prince William Sound, Alaska, and clinically normal reference otters. Mar. Ecol. Prog.
Ser. 2012, 451, 201-212. https://doi.org/10.3354/meps09572.

Bowen, L.; Miles, A K.; Waters, S.; Gustine, D.; Joly, K.; Hilderbrand, G. Using gene transcription to assess ecological and an-
thropogenic stressors in brown bears. EcoHealth 2017, 15, 121-131. https://doi.org/10.1007/s10393-017-1287-0.

Murray, M.]. Chapter 7—Veterinary medicine and sea otter conservation. In Sea Otter Conservation; Larson, SE., Bodkin, JL,
Van Blaricom, GR., Eds.; Elsevier Academic Press: Cambridge, Massachusetts, USA, 2015, pp. 159-195.
https://doi.org/10.1016/B978-0-12-801402-8.00007-X.

Bommer, U.; Thiele, B. The translationally controlled tumor protein (TCTP). Int. J. Biochem. Cell B 2004, 36, 379-385.
https://doi.org/10.1016/S1357-2725(03)00213-9.

Tuynder, M.; Fiucci, G.; Prieur, S.; Lespagnol, A.; Géant, A.; Beaucourt, S.; Duflaut, D.; Besse, S.; Susini, L.; Cavarelli, J.; et al.
Translationally controlled tumor protein is a target of tumor reversion. Proc. Natl. Acad. Sci. USA 2004, 101, 15364-15369.
https://doi.org/10.1073/pnas.0406776101.

Ma, Q.; Geng, Y.; Xu, W.; Wu, Y.; He, F.; Shu, W.; Huang, M.; Du, H.; Li, M. The role of translationally controlled tumor pro-
tein in tumor growth and metastasis of colon adenocarcinoma cells. ]. Proteome Res. 2010, 9, 40-49.
https://doi.org/10.1021/pr9001367.

Bowen, L.; Schwartz, J.; Aldridge, B.; Riva, F.; Miles, A.; Stott, J.L. Differential gene expression induced by exposure of captive
mink to fuel oil: A model for the sea otter. EcoHealth 2007, 4, 298-309. https://doi.org/10.1007/s10393-007-0113-5.

Raisuddin, S.; Kwok, KW.H.; Leung, KM.Y.; Schlenk, D.; Lee, J. The copepod Tigriopus: A promising marine model organ-
ism for ecotoxicology and environmental genomics. Aquat. Toxicol. 2007, 83, 161-173.
https://doi.org/10.1016/j.aquatox.2007.04.005.

Zheng, S.; Song, Y.; Qiu, X;; Sun, T.; Ackland, M.L.; Zhang, W. Annetocin and TCTP expressions in the earthworm Eisenia
fetida exposed to PAHs in artificial soil. Ecotox. Environ. Safe 2008, 71, 566-573. https://doi.org/10.1016/j.ecoenv.2007.10.025.
Goldsby, R.; Kindt, T.; Osborne, B.; Kuby, J. Immunology, 5th ed.; WH Freeman and Company: New York, NY, USA, 2003.
Harris, S.G.; Padilla, J.; Koumas, L.; Ray, D.; Phipps, R.P. Prostaglandins as modulators of immunity. Trends Immunol. 2002, 23,
144-150. https://doi.org/10.1016/s1471-4906(01)02154-8.

Jenne, D.E.; Tschopp, J. Molecular structure and functional characterization of a human complement cytolysis inhibitor found
in blood and seminal plasma: Identity to sulfated glycoprotein 2, a constituent of rat testis fluid. Proc. Natl. Acad. Sci. USA
1989, 86, 7123-7127. https://doi.org/10.1073/pnas.86.18.7123.

Portnoy, D.S.; Fields, A.T.; Greer, ].B.; Schlenk, D. Genetics and Oil: Transcriptomics, Epigenetics, and Population Genomics
as Tools to Understand Animal Responses to Exposure Across Different Time Scales. In Deep Oil Spills— Facts, Fate, and Effects;
Murawski, A., Ainsworth, C.H., Gilbert, S., Hollander, D.]., Paris, C.B., Schliiter, M., Wetzel, D.L., Eds.; Springer Nature:
Cham, Switzerland, 2020. https://doi.org/10.1007/978-3-030-11605-7_30.

Ehrlenbach, S.; Rosales, A.; Posch, W.; Wilflingseder, D.; Hermann, M.; Brockmeyer, J.; Karch, H.; Satchell, S.C.; Wiirzner, R.;
Orth-Holler, D. Shiga toxin 2 reduces complement inhibitor CD59 expression on human renal tubular epithelial and glomeru-
lar endothelial cells. Infect. Immun. 2013, 81, 2678-2685. https://doi.org/10.1128/IA1.01079-12.

Oksjoki, R.; Kovanen, P.T.; Meri, S.; Pentikainen, M.O. Function and regulation of the complement system in cardiovascular
diseases. Front. Biosci. 2007, 12, 4696—4708. https://doi.org/10.2741/2419.

Oesch-Bartlomowicz, B.; Oesch, F. Phosphorylation of cytochromes P450: First discovery of a posttranslational modification of
a drug-metabolizing enzyme. Biochem. Biophys. Res. Commun. 2005, 338, 446—449. https://doi.org/10.1016/j.bbrc.2005.08.092.
Quintana, F.J.; Basso, A.S,; Iglesias, A.H.; Korn, T.; Farez, M.F.; Bettelli, E.; Caccamo, M.; Oukka, M.; Weiner, H.L. Control of
T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature 2008, 453, 6-7.
https://doi.org/10.1038/nature06880.

Veldhoen, M.; Hirota, K.; Westendorf, A.M.; Buer, J.; Dumoutier, L.; Renauld, J.C.; Stockinger, B. The aryl hydrocarbon recep-
tor links TH17-cell-mediated  autoimmunity to  environmental toxins. Nature 2008, 453, 106-109.
https://doi.org/10.1038/nature06881.

Wang, L.; Liang, X.F.; Zhang, W.B.; Mai, K.S.; Huang, Y.; Shen, D. Amnesic shellfish poisoning toxin stimulates the transcrip-
tion of CYP1A possibly through AHR and ARNT in the liver of red sea bream Pagrus major. Mar. Pollut. Bull 2009, 58, 1643—
1648. https://doi.org/10.1016/j.marpolbul.2009.07.004.

Incardona, J.P. Molecular Mechanisms of Crude Oil Developmental Toxicity in Fish. Arch. Environ. Contam. Toxicol. 2017, 73,
19-32. https://doi.org/10.1007/s00244-017-0381-1.

Tabuchi, M.; Veldhoen, N.; Dangerfield, N.; Jeffries, S.; Helbing, C.C.; Ross, P.S. PCB related alteration of thyroid hormones
and thyroid hormone receptor gene expression in free-ranging harbor seals (Phoca vitulina). Environ. Health Perspect. 2006, 114,
1024-1031. https://doi.org/10.1289/ehp.8661.



Oceans 2022, 3 416

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

Tsai, M.].; O'Malley, B.W. Molecular mechanisms of action of steroid/thyroid receptor superfamily members. Annu. Rev. Bio-
chem. 1994, 63, 451-486. https://doi.org/10.1146/annurev.bi.63.070194.002315.

Iwama, G.K,; Vijayan, M.M.; Forsyth, R.B.; Ackerman, P.A. Heat shock proteins and physiological stress in fish. Am. Zool.
1999, 39, 901-909. https://doi.org/10.1093/icb/39.6.901.

Tsan, M.; Gao, B. Cytokine function of heat shock proteins. Am. ]. Physiol. Cell Physiol. 2004, 286, C739-C744.
https://doi.org/10.1152/ajpcell.00364.2003.

De Maio, A. Heat shock proteins: Facts, thoughts and dreams. Shock 1999, 11, 1-12. https://doi.org/10.1097/00024382-
199901000-00001.

Tanabe, S.; Iwat, H.; Tatsukawa, R. Global contamination by persistent organochlorines and their ecotoxicological impact on
marine mammals. Sci. Total Environ. 1994, 154, 163-177. https://doi.org/10.1016/0048-9697(94)90086-8.

Krumm, B.; Meng, X,; Li, Y.; Xiang, Y.; Deng, J. Structural basis for antagonism of human interleukin 18 by poxvirus interleu-
kin-18 binding protein. Proc. Natl. Acad. Sci. USA 2008, 105, 20711-20715. https://doi.org/10.1073/pnas.0809086106.

Beineke, A.; Siebert, U.; Muller, G.; Baumgartner, W. Increased blood interleukin-10 mRNA levels in diseased free-ranging
harbor porpoises (Phocoena phocoena). Vet. Immunol. Immunopathol. 2007, 115, 100-106.
https://doi.org/10.1016/j.vetimm.2006.09.006.

Rigopoulou, E.; Abbott, W.; Haigh, P.; Naoumov, N. Blocking of interleukin-10 receptor— A novel approach to stimulate T-
helper cell type 1 responses to hepatitis C virus. Clin. Immunol. 2005, 117, 57-64. https://doi.org/10.1016/j.clim.2005.06.003.
Bowen, L.; Aldridge, B.; Beckmen, K.; Gelatt, T.; Rea, L.; Burek, K,; Pitcher, K.; Stott, ]. Differential expression of immune re-
sponse genes in Steller sea lions (Eumetopias jubatus): An indicator of ecosystem health? EcoHealth 2006, 3, 109-113.
https://doi.org/10.1007/s10393-006-0021-0.

Wegner, K.M.; Kalbe, M.; Rauch, G.; Kurtz, ].; Schaschl, H.; Reusch, T.B.H. Genetic variation in MHC class II expression and
interactions with MHC sequence polymorphism in three-spined sticklebacks. Mol. Ecol. 2006, 15, 1153-1164.
https://doi.org/10.1111/j.1365-294X.2006.02855.x.

Dong, L.; Ma, Q.; Whitlock, J.P., Jr. Down-regulation of major histocompatibility complex Qlb gene expression by 2,3,7,8-
tetrachlorodibenzo-p-dioxin. . Biol. Chem. 1997, 272, 29614-29619. https://doi.org/10.1074/jbc.272.47.29614.

Tumpey, T.M.; Szretter, K.J.; Van Hoeven, N.; Katz, ].M.; Kochs, G.; Haller, O.; Garcia-Sastre, A.; Staeheli, P. The Mx1 gene
protects mice against the pandemic 1918 and highly lethal human H5N1 influenza viruses. J. Virol. 2007, 81, 10818-10821.
https://doi.org/10.1128/]V1.01116-07.

Kibenge, M.J.T.; Munir, K.; Kibenge, F.S.B. Constitutive expression of Atlantic salmon Mx1 protein in CHSE-214 cells confers
resistance to Infectious Salmon Anaemia virus. Virol. ]. 2005, 2, 75. https://doi.org/10.1186/1743-422X-2-75.

Gurish, M.F.; Humbles, A.; Tao, H.; Finkelstein, S.; Boyce, J.A.; Gerard, C.; Friend, D.S.; Austen, K.F. CCR3 is required for tis-
sue eosinophilia and larval cytotoxicity after infection with Trichinella spiralis. J. Immunol. 2002, 168, 5730-5736.
https://doi.org/10.4049/jimmunol.168.11.5730.

Kringel, H.; Iburg, T.; Dawson, H.; Aasted, B.; Roepstorff, A. A time course study of immunological responses in Trichuris
suis infected pigs demonstrates induction of a local type 2 response associated with worm burden. Int. J. Parasitol. 2006, 36,
915-924. https://doi.org/10.1016/j.ijpara.2006.04.008.

Jennings, K.A.; Loder, M.K.; Sheward, W.].; Pei, Q.; Deacon, R-M.].; Benson, M.A.; Olverman, H.].; Hastie, N.D.; Harmar, A.].;
Shen, S.; et al. Increased expression of the 5-HT transporter confers a low-anxiety phenotype linked to decreased 5-HT trans-
mission. J. Neurosci. 2006, 30, 8955-8964. https://doi.org/10.1523/JNEUROSCI.5356-05.2006.

Squire, L.; Berg, D.; Bloom, F.E.; du Lac, S.; Ghosh, A.; Spitzer, N.C. Fundamental Neuroscience; Elsevier Academic Press: Am-
sterdam, The Netherlands, 2008.

Pazos, A..; Ventoso, P.; Martinez-Escauriaza, R.; Pérez-Parallé, M.L.; Blanco, J.; Trivifio, J.C.; Sanchez, J.L. Transcriptional
response after exposure to domoic acid-producing Pseudo-nitzschia in the digestive gland of the mussel Mytilus galloprovin-
cialis. Toxicon 2017, 140, 60-71. https://doi.org/10.1016/j.toxicon.2017.10.002.

Pulido, O.M. Domoic acid toxicologic pathology: A review. Mar. Drugs 2008, 6, 180-219. https://doi.org/10.3390/md20080010.
Chen, L.; Liu, R;; Liu, Z.P.; Li, M.; Aihara, K. Detecting early-warning signasls for suddent deterioration of complex diseases
by dynamical network biomarkers. Sci. Rep. 2012, 2, 342. https://doi.org/10.1038/srep00342.

Li, S.; Xie, L.; Zhang, C.; Zhang, Y.; Gu, M. Cloning and expression of a pivotal calcium metabolism regulator: Calmodulin
involved in shell formation from pearl oyster (Pinctada fucata). Comp. Biochem. Physiol. B, Biochem.. 2004, 138, 235-243.
https://doi.org/10.1016/j.cbpc.2004.03.012.

Plested, A.].; Mayer, M.L. Structure and mechanism of kainate receptor modulation by anions. Neuron 2007, 53, 829-841..
https://doi.org/10.1016/j.neuron.2007.02.025.

Berman, F.W.; LePage, K.T.; Murray, T.F. Domoic acid neurotoxicity in cultured cerebellar granule neurons is controlled pref-
erentially by the NMDA receptor Ca? influx pathway. Brain Res. 2002, 924, 20-29. https://doi.org/10.1016/S0006-
8993(01)03221-8.

Choi, D.W. Excitotoxic cell death. J. Neurobiol. 1992, 23, 1261-1276. https://doi.org/10.1002/neu.480230915.

Choi, D.W. Calcium and excitotoxic neuronal injury. Ann. N. Y. Acad. Sci. 1994, 747, 162-171. https://doi.org/10.1111/j.1749-
6632.1994.tb44407 .



Oceans 2022, 3 417

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Bloodgood, B.L.; Sabatini, B.L. Nonlinear Regulation of Unitary Synaptic Signals by CaV2.3 Voltage-Sensitive Calcium Chan-
nels Located in Dendritic Spines. Neuron 2007, 53, 249-260. https://doi.org/10.1016/j.neuron.2006.12.017.

Shalbuyeva, N.; Brustovetsky, T.; Bolshakov, A.; Brustovetsky, N. Calcium-dependent spontaneously reversible remodeling
of brain mitochondria. J. Biol. Chem. 2006, 281, 37547-37558. https://doi.org/10.1074/jbc.M607263200.

Lefebvre, K.A.; Quakenbush, L.; Frame, E.; Huntington, K.B.; Sheffield, G.; Stimmelmayr, R.; Bryan, A.; Kendrick, P.; Ziel, H.;
Goldstein, T.; et al. Prevalence of algal toxins in Alaskan marine mammals foraging in a changing arctic and subarctic envi-
ronment. Harmful Algae 2016, 55, 13-24. https://doi.org/10.1016/j.hal.2016.01.007.

Coletti, H.A.; Bodkin, J.L.; Monson, D.H.; Ballachey, B.E.; Dean, T.A. Detecting and inferring cause of change in an Alaska
nearshore marine ecosystem. Ecosphere 2016, 7, €01489. https://doi.org/10.1002/ecs2.1489.

Saucillo, D.C.; Gerriets, V.A.; Sheng, J.; Rathmell, ].C.; MacIver, N.J. Leptin metabolically licenses T cells for activation to link
nutrition and immunity. J. Immunol. 2014, 192, 136-144. https://doi.org/10.4049/jimmunol.1301158.

Monson, D.H.; Doak, D.F.; Ballachey, B.E.; Bodkin, J.L. Could residual oil from the Exxon Valdez spill create a long-term popu-
lation “sink” for sea otters in Alaska? Ecol. Appl. 2011, 21, 2917-2932. https://doi.org/10.1890/11-0152.1.

Lefebvre, K.A.; Powell, C.L.; Busman, M.; Doucette, G.J.; Moeller, P.D.R;; Silver, ].B.; Miller, P.E.; Hughes, M.P.; Singaram, S.;
Silver, M.W.; et al. Detection of domoic acid in northern anchovies and california sea lions associated with an unusual mor-
tality event. Nat. Toxins 1999, 7, 85-92. https://doi.org/10.1002/(sici)1522-7189(199905/06)7:3<85::aid-nt39>3.0.co;2-q.

Bargu, S.; Silver, M.; Goldstein, T.; Roberts, K.; Gulland, F. Complexity of domoic acid-related sea lion strandings in Monterey
Bay, California: Foraging patterns, climate events, and toxic blooms. Mar. Ecol. Prog. Ser. 2010, 418, 213-222.
https://doi.org/10.3354/meps08816.

Sierra-Beltran, A.P.; Palafox-Uribe, M.; Grajales-Montiel, J.; Cruz-Villacorta, A.; Ochoa, J.L. Sea bird mortality at Cabo San
Lucas, Mexico: Evidence that toxic diatom blooms are spreading. Toxicon 1997, 35, 447-453. https://doi.org/10.1016/s0041-
0101(96)00140-7.

Work, T.M.; Barr, B.; Beale, AM,; Fritz, L.; Quilliam, M.A.; Wright, ]J.L.C. Epidemiology of domoic acid poisoning in brown
pelicans (Pelicanus occidentalis) and Brandt’s cormorants (Phalacrocorax penicillatus) in California. J. Zoo Wildl. Med. 1993, 24, 54—
62. http://www jstor.org/stable/20460314.

Gibble, C.M.; Kudela, R.M.; Knowles, S.; Bodenstein, B.; Lefebvre, K.A. Domoic acid and saxitoxin in seabirds in the United
States between 2007 and 2018. Harmful Algae 2021, 103, 101981. https://doi.org/10.1016/j.hal.2021.101981.

Teitelbaum, ].S.; Zatorre, R.].; Carpenter, S.; Gendron, D.; Evans, A.C.; Gjedde, A.; Cashman, N.R. Neurologic sequelae of do-
moic acid intoxication due to the ingestion of contaminated mussels. N. Engl. |. Med. 1990, 322, 1781-1787.
https://doi.org/10.1056/NEJM199006213222505.

Lefebvre, K.A.; Kendrick, P.S.; Ladiges, W.C.; Hiolski, E.M.; Ferriss, B.E.; Smith, D.R.; Marcinek, D.J. Chronic low-level expo-
sure to the common seafood toxin domoic acid causes cognitive deficits in mice. Harmful Algae 2017, 64, 20-29.
https://doi.org/10.1016/j.hal.2017.03.003.

Goldstein, T.; Mazet, ].A.K,; Zabka, T.S.; Langlois, G.; Colegrove, K.M.; Silver, M.; Bargu, S.; Van Dolah, F.; Leighfield, T.;
Conrad, P.A; et al. Novel symptomatology and changing epidemiology of domoic acid toxicosis in California sea lions (Zalo-
phus californianus): An increasing risk to marine mammal health. Philos. Trans. R. Soc. B Biol. Sci 2008, 275, 267-276.
https://doi.org/10.1098/rspb.2007.1221.

McKibben, S.M.; Peterson, W.; Wood, A.M.; Trainer, V.L.; Hunter, M.; White, A.E. Climatic regulation of the neurotoxin do-
moic acid. Proc. Natl. Acad. Sci. USA 2017, 114, 239-244. https://doi.org/10.1073/pnas.1606798114.

Zabka, T.S.; Goldstein, T.; Cross, C.; Mueller, R.W.; Kreuder-Johnson, C.; Gill, S.; Gulland, F.M.D. Characterization of a De-
generative Cardiomyopathy Associated with Domoic Acid Toxicity in California Sea Lions (Zalophus californianus). Vet. Pathol.
2009, 46, 105-119. https://doi.org/10.1354/vp.46-1-105.

Washburn, B.S.; Rein, K.S.; Baden, D.G.; Walsh, P.J.; Hinton, D.E.; Tullis, K.; Denison, M.S. Brevetoxin-6 (PbTx-6), a Nonaro-
matic Marine Neurotoxin, Is a Ligand of the Aryl Hydrocarbon Receptor. Arch. Biochem. Biophys. 1997, 343, 149-156.
https://doi.org/10.1006/abbi.1997.0149.

Gill, S.; Pulido, O. Distribution of Glutamate Receptors in Peripheral Tissues. In Glutamate Receptors in Peripheral Tissues, Gill,
S., Pulido, O., Eds.; Kluwer Academic Plenum Press: New York, NY, USA, 2005; pp. 3-26. ISBN: 0306479737, 9780306479731.
Gill, S.S.; Mueller, RW.; McGuire, P.F.; Pulido, O.M. Potential target sites in peripheral tissues for excitatory neurotransmis-
sion and excitotoxicity. Toxicol. Pathol. 2000, 28, 277-284. https://doi.org/10.1177/019262330002800207.

Gill, S.S.; Pulido, O.M. Glutamate receptors in peripheral tissues: Current knowledge, future research, and implications for
toxicology. Toxicol. Pathol. 2001, 29, 208-223. https://doi.org/10.1080/019262301317052486.

Gill, S.; Veinot, J.; Kavanagh, M.; Pulido, O. Human heart glutamate receptors—Implications for toxicology, food safety, and
drug discovery. Toxicol. Pathol. 2007, 35, 411-417. https://doi.org/10.1080/01926230701230361.

Gulland, F.M.; Haulena, M.; Fauquier, D.; Langlois, G.; Lander, M.E.; Zabka, T.; Duerr, R. Domoic acid toxicity in Californian
sea lions (Zalophus californianus): Clinical signs, treatment and survival. Vet. Rec. 2002, 150, 475-480.
https://doi.org/10.1136/vr.150.15.475.



Oceans 2022, 3 418

103.

104.

105.

106.

107.

108.

109.

110.

111.

Kreuder, C.; Miller, M.A.; Lowenstine, L.J.; Conrad, P.A.; Carpenter, T.E; Jessup, D.A.; Mazet, J.A. Evaluation of cardiac le-
sions and risk factors associated with myocarditis and dilated cardiomyopathy in southern sea otters (Enhydra lutris nereis).
Am. ]. Vet. Res. 2005, 66, 289-299. https://doi.org/10.2460/ajvr.2005.66.289.

Incardona, J.P.; Linbo, T.L.; Scholz, N.L. Cardiac toxicity of 5-ring polycyclic aromatic hydrocarbons is differentially depend-
ent on the aryl hydrocarbon receptor 2 isoform during zebrafish development. Toxicol. Appl. Pharm. 2011, 257, 242-249.
https://doi.org/10.1016/j.taap.2011.09.010.

Alfonso, M.; Duran, R.; Arufe, M.C. Effect of excitatory amino acids on serum TSH and thyroid hormone levels in freely mov-
ing rats. Horm. Res. Paediatr. 2000, 54, 78-83. https://doi.org/10.1159/000053236.

Arufe, M.C,; Arias, B.; Duran, R.; Alfonso, M. Effects of domoic acid on serum levels of TSH and thyroid hormones. Endocr.
Res. 1995, 21, 671-680. https://doi.org/10.1080/07435809509030482.

Danielson, S.L.; Hennon, T.D.; Monson, D.H.; Suryan, R.; Holderied, K; Baird, S., Holderied, K.; Weingartner, T.J. Thermal
variability and the importance of in situ temperature observations across the northern Gulf of Alaska. In The Pacific Marine
Heatwave: Monitoring During a Major Perturbation in the Gulf of Alaska; Suryan, R.M., Lindeberg, M.R., Aderhold, D.R., Eds.;
Exxon Valdez Oil Spill Trustee Council: Anchorage, AK, USA, 2020.

KBNERR (Kachemak Bay National Estuarine Research Reserve). Harmful Algal Bloom 2019 Progress Report; Kachemak Bay Na-
tional Estuarine Research Reserve Alaska Center for Conservation Science:Anchorage, AK, USA, 2019. Available online:
https://accs.uaa.alaska.edu/wp-content/uploads/2019-KBNERR-HAB-Report.pdf (accessed on 2 March 2021).

Anderson, D.M.; Richlen, M.L.; Lefebvre, K.A. Harmful Algal Blooms in the Arctic [in Arctic Report Card 2018]. Available
online: https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ ArticleID/789/Harmful-Algal-Blooms-in-the-
Arctic (accessed on 15 March 2021).

Anderson, D.M.; Fachon, E.; Robert, S.P.; Lin, P.; Alexis, D.F.; Mindy, L.R.; Uva, V.; Michael, L.B.; McRaven, L.; Bahr, F.; et al.
Evidence for massive and recurrent toxic blooms of Alexandrium catenella in the Alaskan Arctic. Proc. Natl. Acad. Sci. USA
2021, 118, €2107387118. https://doi.org/10.1073/pnas.2107387118.

de Nadal, E.; Ammerer, G.; Posas, F. Controlling gene expression in response to stress. Nat. Rev. Genet. 2011, 12, 833-845.
https://doi.org/10.1038/nrg3055.



