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hronic  low-level  domoic  acid  exposure  alters  gene  transcription
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a  b  s  t  r  a  c  t

Domoic  acid  is an  algal-derived  seafood  toxin  that  functions  as  a glutamate  agonist  and  exerts  excitotox-
icity  via overstimulation  of  glutamate  receptors  (AMPA,  NMDA)  in  the  central  nervous  system  (CNS).  At
high (symptomatic)  doses,  domoic  acid is well-known  to cause  seizures,  brain  lesions  and  memory  loss;
however,  a significant  knowledge  gap exists  regarding  the  health  impacts  of  repeated  low-level  (asymp-
tomatic)  exposure.  Here,  we  investigated  the  impacts  of low-level  repetitive  domoic  acid  exposure  on
gene  transcription  and  mitochondrial  function  in  the  vertebrate  CNS  using  a  zebrafish  model  in  order  to:
(1)  identify  transcriptional  biomarkers  of  exposure;  and  (2)  examine  potential  pathophysiology  that  may
occur  in  the  absence  of  overt  excitotoxic  symptoms.  We  found  that  transcription  of  genes  related  to neu-
rological  function  and  development  were  significantly  altered,  and  that  asymptomatic  exposure  impaired
mitochondrial  function.  Interestingly,  the  transcriptome  response  was  highly  variable  across  the  expo-
sure  duration  (36  weeks),  with  little  to no  overlap  of  specific  genes  across  the  six exposure  time  points
(2,  6, 12, 18, 24, and  36  weeks).  Moreover,  there  were  no  apparent  similarities  at  any  time  point  with  the
gene  transcriptome  profile  exhibited  by  the  glud1 mouse  model  of  chronic  moderate  excess  glutamate

release.  These  results  suggest  that  although  the fundamental  mechanisms  of  toxicity  may  be  similar,
gene  transcriptome  responses  to domoic  acid  exposure  do  not  extrapolate  well  between  different  expo-
sure durations.  However,  the  observed  impairment  of  mitochondrial  function  based  on respiration  rates
and mitochondrial  protein  content  suggests  that  repetitive  low-level  exposure  does  have  fundamental
cellular  level  impacts  that  could  contribute  to chronic  health  consequences.

Published  by Elsevier  B.V.
. Introduction
Domoic acid is a small neurotoxic molecule that is naturally
roduced by phytoplankton and accumulates in seafood prod-
cts during harmful algalblooms (HABs) (Wright et al., 1989).
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At high doses, it is responsible for the human neurotoxic illness
known as amnesic shellfish poisoning (ASP), with symptoms that
include seizures, memory loss, coma, and death (Quilliam and
Wright, 1989). The toxin was  first identified in 1987 when over
100 people became ill and four died after consuming domoic acid-
contaminated mussels (Perl et al., 1990). Domoic acid has since
been shown to severely impact seabirds and marine mammals via
transfer through planktivorous prey (Scholin et al., 2000; Work
et al., 1993). For humans, risks of exposure to high levels of domoic
acid are managed by testing shellfish and regulating harvests based
on toxin loads (≥20 �g domoic acid/g = harvest closure); however,
there are no regulatory guidelines in place for protection from long-

term low-level repetitive exposure (<20 �g domoic acid/g = harvest
open) due to a lack of knowledge regarding the health impacts of
chronic or episodic low level domoic acid exposure (Lefebvre and
Robertson, 2010).
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The knowledge gap regarding health impacts of low-level repet-
tive exposure to naturally produced algal toxins, such as domoic
cid, is particularly alarming in light of the increasing emergence,
agnitude and frequency of domoic acid-producing HABs glob-

lly – a pattern that is predicted to worsen with continued climate
hange (Van Dolah, 2000). Of particular concern are coastal and
ribal communities that rely heavily on seafood products as a major
ood source. For example, in the Pacific Northwest region of the US,
he Quinault Tribe has a strong cultural reliance on razor clams for
ubsistence and ceremonial harvests (Lefebvre & Robertson, 2010).
hese clams are known to retain low levels of domoic acid for up to

 year after a HAB and are eaten on a year-round basis in these com-
unities, thereby presenting a risk of low level repetitive exposure

o the consumer (Wekell et al., 1994). Further risks to the develop-
ng fetus or nursing offspring have also been identified in naturally
xposed marine mammals and in laboratory studies with rodent
nd primate models (Gulland et al., 2002; Levin et al., 2006).

Domoic acid functions as a glutamate agonist and exerts excito-
oxicity via overstimulation of glutamate receptors (AMPA, NMDA)
n the central nervous system (CNS) (Berman and Murray, 1997).
omoic acid-mediated increases in glutamatergic activation may
lter cellular transcriptional responses that if gene product for-
ation follows transcriptional changes, would lead to changes

n synapse structure and function, dendrite and nerve terminal
ntegrity, and may  produce neuronal injury. Changes in synaptic
unction and loss of select glutamatergic neurons, or their synapses,
ccurring during neurodevelopment or in the aged may  be particu-
arly deleterious for normal CNS function (Morrison and Hof, 1997).
otential health risks of chronically elevated glutamatergic activity,
ike those that might result from chronic/episodic DA exposure, are
lso supported by the studies of a transgenic mouse model selec-
ively overexpressing neuronal glutamate dehydrogenase (Glud1).
ao et al. (2009) and Wang et al. (2010) demonstrated that chronic
oderately elevated synaptic glutamate in the Glud1 mice leads

o reductions in glutamate synapses in specific (vulnerable) brain
egions, with reductions in glutamate synapses increasing with
dvancing age (Bao et al., 2009). Notably, these decreases in glu-
amate synapses were associated with upregulation of cellular
athways associated with nervous system development, neuronal
rowth, and synaptic transmission, as well as oxidative stress,
ell injury, and inflammation, indicating apparent compensatory
esponses to stress that promoted growth of neuronal processes
Wang et al., 2010).

In the present study, we investigated the impacts of low-level
epetitive domoic acid exposure on gene transcription and mito-
hondrial function in the vertebrate CNS using the zebrafish (Danio
erio) laboratory model in order to (1) identify transcriptional
iomarkers of exposure and (2) examine potential pathophysio-

ogical impacts that may  occur in the absence of overt excitotoxic
ehaviors. We  examined temporal patterns in the transcriptome
esponse over a 36-week domoic acid exposure period to determine
hether asymptomatic exposure elicited transcriptional changes

n genes related to neuronal damage and compensatory cellular
esponses in the CNS.

. Materials and methods

.1. Zebrafish and chronic domoic acid exposures

Wild-type zebrafish (Danio rerio, AB strain), approximately
 months of age, were obtained from Oregon State University

Sinnhuber Aquatic Research Laboratory Corvallis, OR). Fish were

aintained at the Northwest Fisheries Science Center (NWFSC,
eattle, WA)  in a ZebTec stand-alone recirculating and continuously
onitored zebrafish rack system with UV sterilizer (Techniplast,
logy 155 (2014) 151–159

Exton, PA). Water temperature was  maintained at 26 ◦C, and fish
were kept on a 12:12 h light:dark cycle and fed daily with BioVita
fish feed (Bio-Oregon, Longview, WA). Starting at ∼7 months of
age, zebrafish were repeatedly exposed to asymptomatic doses
of domoic acid via intracoelomic injection (10 �L volume deliv-
ered with 33-gauge needle in custom-made auto-injector from
Hamilton®) for 36 weeks. Toxin and vehicle (PBS) injections were
given once a week (dose = 0.31 ± 0.03 mg  domoic acid/g fish) for
the first 6 weeks, then once every 2 weeks (dose = 0.18 ± 0.02 mg
domoic acid/g fish) for the duration of the exposure period. After
each injection, fish were observed for 30–45 min  to note the
instance of any neurobehavioral symptoms (e.g., circle- or spiral-
swimming). Domoic acid doses of less than half of the previously
reported EC50 for zebrafish (0.86 mg  domoic acid/g fish; Lefebvre
et al., 2009) were chosen to ensure asymptomatic exposures.
All domoic acid dose concentrations were verified via HPLC as
described in Lefebvre et al. (2009). Fish (n = 9–10 per treatment
group per time period) were harvested at six time points, including
2, 6, 12, 18, 24 and 36 weeks exposure for whole brain transcrip-
tome analyses. Additionally, whole fish (n ≈ 10 per treatment) at
the 36-week exposure time point were preserved for histopatho-
logical analysis.

2.2. Histopathological examination

Zebrafish allocated for histopathological examination (n ≈ 10
per treatment) at the 36-week exposure time point were exam-
ined grossly for any externally visible abnormalities, placed in an ice
bath and exsanguinated via a tail bleed to obtain serum for another
study. Fish were then carefully opened with a midline incision of
the abdomen, and the entire fish was preserved in 20 mL  Dietrich’s
fixative (Fournie et al., 2000) at an ∼1:20 (v/v) tissue to fixative ratio
and fixed for three days on an orbital shaker. After fixation, the fish
were rinsed in 2–3 changes of water and placed in 70% ethanol.
Fish were bisected along the sagittal plane using a razor blade, cut-
ting parallel to and on the left side of the spinal cord, before they
were processed. The bisected fish were loaded into cassettes for
processing, using a Shandon Hypercenter XP tissue processing cen-
ter. The tissue processing protocol closely followed that specified
by the Zebrafish International Research Center, University of Ore-
gon, Eugene, OR (http://zfin.org/zirc/disMan/diseaseManual.php).
Processed tissues were infiltrated with a 50:50 ratio of Fisher Para-
plast PLUS tissue embedding medium and Surgipath Formula ‘R’
infiltrating and embedding paraffin. Tissues were then embedded
in Surgipath Formula ‘R’ infiltrating and embedding paraffin, using
a Shandon Embedding Center.

Fixed, paraffin-embedded fish were cut in the sagittal plane
with a high-profile disposable blade in multiple, stepped-sections
(∼20 �m apart) at 5–7 �m thickness. Multiple sections of gills, eyes,
brain, spinal cord and all internal organs were taken to ensure com-
plete histopathological evaluation. Sections were routinely stained
by hematoxylin and eosin, using the protocols described in “Dis-
eases of Zebrafish in Research Facilities” (Zebrafish International
Research Center). Sections were examined by light microscopy on
a Nikon Optiphot microscope, using 4×, 10×,  20×,  40×,  and 100×
planachromat objectives; selected sections of the central nervous
system were photographed by digital photomicroscopy on a Nikon
Eclipse E600 microscope, using a SPOTTM camera and SPOTTM soft-
ware. All major organs were examined for pathological changes,
with a focus on alterations in components of the central nervous
system. Any observed anomalies were scored by type, distribution

within the tissue (e.g., focal/multifocal/diffuse) and severity, using
a semiquantitative, ordinal scoring system detailed in Fairgrieve
et al. (2005). Potential lesions/anomalies of interest were shared
as needed with other fish histopathologists experienced in the

http://zfin.org/zirc/disMan/diseaseManual.php
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xamination of zebrafish (Dr. Trace Peterson and Dr. Michael Kent
f Oregon State University) for confirmation and verification.

.3. Brain dissections and RNA extraction

Zebrafish were euthanized via decapitation and whole brains
ere dissected from the fish as described in Lefebvre et al. (2009).
lobal transcriptome expression was quantified by microarray in

hree RNA replicates, each consisting of RNA from 3 pooled brains,
or exposed and control treatments. The test group size (n = 9–10
er treatment per time point) was chosen based on a previous study
Lefebvre et al., 2009). Total RNA was isolated from zebrafish brains
sing the miRNeasy Mini Kit (Qiagen Inc., Valencia, CA) accord-

ng to the vendor’s defined method, and stored at −70 ◦C. RNA
uantity (ng/�L) was determined by measuring the OD260 with a
anoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific,
altham, MA); RNA purity was assessed by measuring OD260/280

nd OD260/230 ratios. RNA integrity (quality) was  characterized
sing the Agilent RNA 6000 Nano Kit with an Agilent 2100 Bio-
nalyzer (Agilent Technologies, Santa Clara, CA). Only total RNA
amples with appropriate size distribution, quantity, and OD260/280
s well as OD260/230 ratios of 1.8–2.1 were used for microarray-
ased analysis. Individual brain RNA samples were split, and half
as used for microarray analyses and half retained for RT-PCR con-
rmation.

.4. Global transcriptome profiling in brain

The RNA samples were labeled and prepared for hybridization
nto a Zebrafish (V3) Gene Expression Microarray (Agilent Tech-
ologies, Inc. Santa Clara, CA) using the manufacturer’s established
rotocols. Hybridization and washing of these arrays was accom-
lished using HS 400 Pro hybridization and wash stations (Tecan
ystems, Inc., San Jose, CA) and scanned using an Agilent DNA
icroarray Scanner (Agilent Technologies, Inc. Santa Clara, CA),

ccording to the manufacturer’s established standard protocol. In
otal, 36 microarrays were used, including 18 for the control group
nd 18 for the chronic exposure group. Separate pools of RNA,
ach consisting of three individuals, were hybridized to each array
esulting in three biological replicates (a total of nine individuals)
er treatment group at each time point.

.5. Microarray analyses

Raw microarray data were generated with the Agilent Feature
xtraction image analysis software (Agilent), and further processed
nd analyzed with tools from Bioconductor (Gentleman et al.,
004). Data were normalized using the BioconductorAgi4644Pre-
rocess package (Smyth, 2004); additionally, the normexp option
or background adjustment and quantile normalization was  used
or the between array normalization step. Using the normalized
ata, genes with significant evidence for differential expression
ere identified using the limma  package. The limma methodology

alculates a P-value for each gene using a modified t-test in con-
unction with an empirical Bayes method to moderate the standard
rrors of the estimated log-fold changes. This method of detec-
ing differentially expressed genes draws strength across genes
or more robust and accurate detection of differentially expressed
enes; such an adjustment has been shown to avoid an excess
f false positives when identifying differentially expressed genes
Allison et al., 2006). Using the P-values from limma, the Biocon-
uctor package p.adjust (Benjamini and Hochberg, 1995) was  used

o estimate the false discovery rate associated with the list of dif-
erentially expressed genes. This methodology allows us to address
he multiple testing problems without resorting to an excessively
onservative approach that controls the family-wise error, such as
logy 155 (2014) 151–159 153

a Bonferroni correction. Comparative analyses on bio-functions of
the differentially transcribed genes were conducted using Ingenu-
ity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood
City, CA, USA; Build Version 242990, Content Version 12710793
(Release date 2012-05-07)). IPA uses a Fischer’s exact test to cal-
culate the P-values. All microarray data are available through the
NCBI Gene Expression Omnibus database (accession #: GSE34716).

2.6. Quantitative RT-PCR analyses

Six neurodevelopment-related genes belonging to biological
functions categories; nervous system development and function,
neurological disease, cell death, cellular function and maintenance,
and cellular growth and proliferation were further validated by
RT-PCR in samples from all time points (6, 12, 18, 24 and 36
weeks). Total RNA was  isolated from individual zebrafish brains
(n = 9 per treatment per time point). RT-PCR was  performed on
pooled samples as described for microarray analyses (i.e., n = 3
brains per pooled sample, yielding n = 3 independent samples per
treatment per time point). Briefly, reverse transcription was per-
formed according to the manufacturer’s established protocol using
total RNA and the SuperScriptH III First-Strand Synthesis System
(Invitrogen, Carlsbad, CA.). For gene expression measurements,
2 �L of cDNA were included in a PCR reaction (12 �L final volume)
that consisted of the ABI inventoried TaqManH Gene Expression
Assays mix  (Applied Biosystems Inc., Foster City, CA), or customized
forward and reverse primers, probes and TaqMan Gene Expres-
sion Master Mix  (Applied Biosystems Inc., Foster City, CA). The PCR
primers and the dual-labeled probes for the genes were designed
using ABI Primer Express v.1.5 software (Applied Biosystems Inc.,
Foster City, CA). Amplification and detection of PCR amplicons were
performed with the ABI PRISM 7900 system (Applied Biosystems
Inc., Foster City, CA) with the following PCR reaction profile: 1 cycle
of 95 ◦C for 10 min, 40 cycles of 95 ◦C for 30 s, and 60 ◦C for 1 min.
Beta-actin 1 amplification plots derived from serial dilutions of an
established reference sample were used to create a linear regres-
sion formula in order to calculate expression levels, and Beta-actin
1 gene expression levels were utilized as an internal control to
normalize the data.

2.7. Western blotting of oxidative damage and mitochondrial
proteins

In situ mitochondrial respiration was measured in whole brains
of control and exposed zebrafish at 18 weeks of chronic asymp-
tomatic exposure. Fish were euthanized via decapitation and whole
brains were dissected and either placed in ice-cold respiration
buffer for mitochondrial respiration (n = 6 per group) or homog-
enized for western blotting (n = 11 per group) of protein carbonyls
and electron transport chain proteins as described previously
(Siegel et al., 2012). Briefly, homogenates were diluted 1:25 in lysis
buffer containing protease inhibitors, combined 1:1 with Laemli
buffer and separated on a 4–20% gradient gel. Proteins were trans-
ferred to nitrocellulose membrane and Ponceau stained to visualize
protein loading and immunoblotted as follows: complex II 30 kDa
subunit (1 h 1:1 K Mitosciences #203 in 5% NFDM), complex IV
subunit IV (1 h 1:1 K Mitosciences #407 in 5% NFDM), and pro-
tein carbonyls (according to Millipore kit S7150). Secondary Ab
from Cell Signaling (#7076, 1:10 K in 1% NFDM) was conjugated
to horseradish peroxidase. Blots were developed in Western C

chemiluminescent developer (BioRad, Hercules, CA) and visualized
with a ChemiDoc imaging system. Band densities were quantified
with Quantity One software and normalized to total lane Ponceau
staining.
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ig. 1. Representative H&E-stained sagittal sections of control (A and C) and domo
lfactory bulb (OB), telencephalon (T), optic tectum (OT) and anterior cerebellum 

elencephalon phylogenetically develops into the brain region that includes the hip

.8. Quantification of mitochondrial respiration

Mitochondrial respiration was measured in whole brain
omogenates in respiration buffer (210 mM sucrose, 0.5 mM EGTA,

 mM MgCl2, 10 mM KH2PO4, 20 mM HEPES, 20 mM taurine, 50 mM
-MES, 1 g/L BSA, pH = 7.1) using a clark-type electrode in an
xygraph 2 K (Oroboros Instruments, Austria). Multiple respira-

ion states were measured using the following substrate inhibitor
ombinations: proton leak (state 4; 10 mM glutamate/5 mM pyru-
ate/2 mM malate, without ADP), state 3 (state 4 conditions plus

 mM ADP with and without 10 mM succinate), fully uncoupled
ETS, 1 �M CCCP) or complex IV (0.5 mM N,N,N′,N′-tetramethyl-
-phenylenediamine (TMPD), 2 mM ascorbate, 2.5 �m antimycin
). Potassium cyanide (2 �M)  was used to confirm complex IV-
pecific activity. The amount of oxygen consumed was  calculated
y assuming the O2 solubility in media to be 0.920 and by calibrat-

ng initial oxygen concentration in the buffer for each experiment
nd correcting for pressure, temperature and instrumental oxygen
onsumption as described by Gnaiger (2009).

. Results

.1. Chronic low-level domoic acid exposure did not cause

eurobehavioral excitotoxicity or visible histopathological lesions

The domoic acid exposure regimen used here did not produce
ny visible signs of neurobehavioral excitotoxicity (i.e., circle- or
d-exposed (B and D) zebrafish at 36 weeks. Whole brain images (A and B) include
); panels (C) and (D) depict olfactory bulb (OB) and telencephalon (T) (10×). The
pus in higher-order organisms.

spiral-swimming) when observed over a 30–45 min period fol-
lowing each injection, consistent with an asymptomatic exposure
regimen (data not shown). Because domoic acid is well-known to
produce excitotoxic neuron death and histopathological lesions in
glutamate-rich brain areas, we  examined whether there was  evi-
dence of lesions in sagitally sectioned brains of control and exposed
zebrafish from the 36-week exposure time point. Semi-quantitative
scoring of the brain and spinal cord revealed no visible histologi-
cal differences between control and exposed fish (Fig. 1). All other
major organ systems were also examined and appeared normal
(data not shown). Consistent with our histopathological analysis,
microarray analysis of gfap gene expression, a marker of neu-
roinflammation and astrocyte activation, revealed no significant
changes (Table 1).

3.2. Chronic low-level domoic acid exposure led to temporally
variable gene transcription responses

The number of significantly differentially transcribed genes
(±1.5-fold-change compared to control, p < 0.05) ranged from 52
to 239 at each time point, with the majority of genes having
increased transcription (60–64%) (Fig. 2A). Notably, the vast major-
ity (77–94%) of differentially transcribed genes were unique to

a particular time point, and very few individual genes were dif-
ferentially transcribed across multiple time points (Fig. 2A). In
order to characterize broad temporal patterns in the transcrip-
tome response to chronic domoic acid exposure, we performed
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Table  1
Gene transcription data for gfap (glial fibrillary acidic protein; log2(fold-change), p value), a marker of astrocyte activation and neuroinflammation, as measured by microarray.
Transcriptional changes are shown for animals exposed to domoic acid relative to the time-matched vehicle controls. Note that all array probes for this gene are non-significant,
highlighting the absence of gross neuroinflammation and corroborating the histopathological assessment presented in Fig. 1.

NCBI GenBank ID Probe ID gfap Log2(fold-change) (p value)

2 weeks 6 weeks 12 weeks 18 weeks 24 weeks 36 weeks

NM 131373 A 15 P107505 0.33 (0.19) 0.02 (0.93) 0.14 (0.56) 0.45 (0.07) 0.13 (0.59) −0.14 (0.57)
NM  131373 A 15 P131871 0.02 (0.77) −0.03 (0.65) 0.03 (0.64) 0.05 (0.47) −0.03 (0.67) −0.07 (0.30)
AY397679 A 15 P551122 0.00 (0.90) 0.01 (0.78) −0.01 (0.71) −0.02 (0.30) 0.00 (0.88) −0.01 (0.62)
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NM  131373 A 15 P658936 0.05 (0.57) −0.01 (0

ene set analysis (GSA) on grouped time points (early = 2 and 6
eeks; mid  = 12 and 18 weeks; late = 24 and 36 weeks); time points
ere grouped in order to achieve improved statistical power for
SA. The heatmap in Fig. 2B illustrates these grouped time points,
nderscoring the temporally dynamic gene transcription profile
ver the duration of domoic acid exposure, suggesting that the gene
ranscriptome response to chronic domoic acid exposure depends

argely on the exposure duration.

While GSA revealed a broad range of significantly altered Biolog-
cal Processes & Molecular Functions (as defined by gene ontology),

ig. 2. (A) Number of genes significantly differentially regulated throughout dura-
ion  of chronic exposure to asymptomatic domoic acid compared to time-matched
ehicle controls. The proportion of up- and down-regulated genes is shown by red
nd blue bars, respectively. Percentage of genes unique to each time point is listed
bove each bar. (B) Heatmap depicting clustered gene transcription responses (±1.5-
old, p < 0.05, 265 probes) to chronic domoic acid exposure across exposure duration;
arly = 2 and 6 week time points, mid  = 12 and 18 week time points, late = 24 and 36
eek time points.
0.04 (0.59) 0.19 (0.02) 0.03 (0.73) −0.05 (0.55)

no clear temporal patterns emerged from this analysis (data not
shown). That is, we were unable to detect any transcriptional effect
aligned with our expectation that early response (2 and 6 weeks
exposure duration) would transition into a consistent response
profile later in the chronic exposure paradigm (12, 18, 24 and 36
weeks).

In order to gain a more function-based understanding of path-
ways and biological functions affected by chronic domoic acid
exposure, we  also performed Ingenuity Pathway Analysis (IPA)
of gene expression at each individual exposure duration time
point. Our primary hypothesis entering the study was that chronic
asymptomatic domoic acid exposure would alter the transcription
of genes associated with cellular death/damage and neurological
function/development. Ingenuity Pathway Analysis identified 9–70
significant biological function categories at each time point, with
categories defined here as containing ≥3 genes (data not shown).
The Bio Functions most relevant to our hypothesis, i.e., nervous sys-
tem development & function, neurological disease, cell death, cellular
growth and proliferation, and cellular function and maintenance, are
shown in Fig. 3 (full gene list in Table 2). Notably, these IPA Bio
Functions were significantly altered by domoic acid exposure at
five to six of the six exposure duration time points (Fig. 3). How-
ever, while there is overlap of individual genes across Bio Functions
within each time point (∼73–97% overlap between Bio Function
genes within individual time points), there is very little overlap
of individual genes across individual time points (e.g., only ∼2
genes within a Bio Function category appear at two or more time

points). This further supports the finding that the transcriptome
response to chronic domoic acid is highly temporally variable and
dynamic.

Fig. 3. Significantly altered (p < 0.05) biological functions (from Ingenuity Pathway
Analysis) associated with cellular and neurological health, function and develop-
ment. Bubble diameter corresponds to −log(p value) for functional categories and
time points possessing ≥3 genes; # indicates not significant and/or <3 genes within
the  category. Scale provides reference for relative bubble diameter.
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Table 2
All genes falling into the bio function categories shown in Fig. 3 at all time points.

Category Genes

Cell death (92) Up-regulated ADIPOQ, AGGF1,  APOE, APP, ARG1, ATG3 (includes EG:171415), B2M, B4GALNT1, BCL2L1,  BNIP3,  RFWD2, CCNI,
CCT7, CD53, CD74, CDC73 (includes EG:214498), CHFR, CORO1A, COX5A,  includes EG:12858),  CTSB, CTSD, CTSS,
CYLD, DRAM1, DUSP2,  ELMO1, EPO, FKBP5,  GAS6, GMFG,  GRN, HAND2, HBZ, HDAC5, AGT, HLA-DRB1,  IRF1
(includes EG:16362), IRF8, JAG1, LCP1, LECT2,  LGALS3, LGALS3BP,  MCL1, MCM10  (includes EG:307126), MEF2C,
MT2A,  NFKBIA, NTRK3, NUDCD3, PPP1CA, PRKCD, PSME2,  RBBP4,  SOCS1,  SOCS3,  TAP2, TFDP1,  TOP1, TRIM2,  UCP2,
USP2,  VDAC2,  WAS, WEE1

Down-regulated AKT1, ANXA11, ATP2A1, AURKA, CALCB,  CAV1, CCDC47, CGA, CHKA, CLCN3, DYRK1B, FAH, GH1, GRIA2,  LCK, LIFR,
NOD1,  P4HB, POMC,  PPID, PPM1L, PTGES,  RFXANK, SH3BP5, SIRT2, TASP1,  TSG101

Cellular function and
maintenance (81)

Up-regulated ADIPOQ, AGT, APOE, APP, ATP6V1B2, B2M, B4GALNT1, BCL2L1, BNIP3,  CACNB3, CD74, CORO1A, COX5A (includes
EG:12858), CTSD, CTSS, CYLD, DGKA,  DRAM1, DUSP2,  ELMO1, EPO, GAS6, GPR12,  GRN, HDAC5,  HIVEP2, IRF1
(includes EG:16362), IRF8, JAG1, LCP1, LECT2,  LGALS3, MCL1, Mcpt4,  MGAT5, MT2A,  NEO1, NFKBIA, NIN, NTRK3,
PPP1CA,  PRKCD, PSMB10, PSME2,  RBBP4,  RHCG, SLC9A3 (includes EG:105243), SOCS1,  SOCS3,  STK35,  Tlr12, TOP1,
TPM2,  UCP2, UCP3, WAS

Down-regulated AKT1, ATP2A1, BCL11A, CALCB,  CAV1, CGA, CLCN3,  CREB3L2, CUBN, CYP4A11, GH1, GNB1, GORASP1, LCK, LIFR,
NEFM,  NOD1, PAK7, POMC, PPID, PPP1CA, SASH3,  SLC25A47,  SPC25 (includes EG:100144563), TSG101, ULK1

Cellular  growth and
proliferation (49)

Up-regulated ADIPOQ, AGT, APOE, APP, B2M, B4GALNT1, CD74, CDC73 (includes EG:214498), CORO1A, CTSB, CTSD, DUSP2,  EPO,
GAS6,  GRN, HLA-DRB1,  IRF1 (includes EG:16362), IRF8, JAG1, MCL1,  MKNK1, MT2A, NFKBIA,  NR1D1,  PRKCD,
PSMB10,  PSMB9, RAD17 (includes EG:19356), SOCS1,  SOCS3,  TPM2, WAS

Down-regulated AKT1, CAV1, CD151,  CGA, CHKA, DYRK1A, DYRK1B, GH1, IK,  LCK, LIFR, PKP3, POMC,  PTGES,  RAB5C,  SIRT2, TSG101
Nervous system

development and
function (41)

Up-regulated AGT, APOE, APP, B4GALNT1,  BCL2L1, CACNB3, CTSF, EPO, FEV, FGFRL1, GAS6, GJA8, GNGT1, MT2A,  NFKBIA, NR1D1,
NRXN2,  NTRK3, PAK4, PDE6G,  RPE65,  TRIM2

Down-regulated AKT1, ALS2CR8, BCL11A, CAV1, CGA, CLCN3,  DYRK1A, FZR1, GH1, GRIA2, LIFR, NEFM,  PAK7, POMC,  PPP1CA, RBP4,
RTN4RL1, SIRT2, ULK1

Neurological disease
(62)

Up-regulated ADIPOQ, ALDH7A1, APOE, APP, ARG1, ATP1B1, ATP6V1B2, B2M, B4GALNT1,  BCL2L1, CD74, CORO1A, CTSB, CTSD,
CTSF,  CTSS, ELMO1, EPO, GNGT1, GRN, HLA-DRB1,  HNRNPU, IDH2, IRF1 (includes EG:16362), MGAT5,  MKNK1,
MT2A,  NFKBIA, PCSK5,  PDE6H, PSMB9, PSME1,  RARS2,  RPE65,  SLC1A4, SOCS3,  SRD5A1, TAP2, TPM2
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Down-regulated ACOX1,  AKT1, ANKRD11,
IMPDH1,  MYH7,  NEFM, P

.3. Real-time quantitative PCR confirms microarray gene
ranscription results

Six genes (gria2a,  nrxn2a,  appa, nfkbiab, bcl2L1,  and pak7) were
sed for RT-PCR confirmation at all time points (2, 6, 12, 18, 24,
6 weeks). Eighty percent of the genes across all 36 comparisons
greed in fold-change direction.

.4. Chronic low-level domoic acid exposure led to oxidative
amage and mitochondrial dysfunction

To test whether chronic domoic acid exposure resulted in
hanges in cell function, we measured oxidative damage to
roteins, mitochondrial protein content, and mitochondrial res-
iration rates in the brains of zebrafish following 18 weeks of
xposure to asymptomatic doses of domoic acid. Protein carbonyls
Fig. 4A), a measure of oxidative damage, were significantly ele-
ated in whole brains. Electron transport chain (ETC) complex II
nd complex IV subunit expression were significantly higher in the
omoic acid exposed zebrafish brains (Fig. 4B). Despite the increase

n mitochondrial proteins, there were no significant differences
n mitochondrial respiration per unit tissue (Fig. 4C). However,

aximum mitochondrial respiration rates normalized to complex
V and complex II protein expression (Fig. 4D) were significantly
ecreased in the brains of domoic acid-exposed fish compared to
aline-exposed controls. These results suggest that chronic low-
evel exposure to domoic acid leads to mitochondrial dysfunction
hat is partially offset by increases in mitochondrial content.

.5. Chronic low-level domoic acid exposure led to unique
ranscriptome responses compared to an elevated glutamate
elease exposure model
To test our hypothesis that chronic asymptomatic domoic acid
xposure in zebrafish produces brain transcriptome-level changes
onsistent with chronic excess synaptic glutamate release, we
1, BEST1,  CAV1, CDC73 (includes EG:214498), CGA, CLCN3,  CLEC3B, GH1, GRIA2,
PID, PTGES,  RNASET2, SEPP1, SRM, TASP1,  TEAD1

compared the gene transcriptome changes in zebrafish with
reported gene transcriptome changes in the hippocampi of Glud1
transgenic mice (Wang et al., 2010). This mouse model was devel-
oped in order to study the neurological consequences of excess
glutamatergic stimulation, and constitutively over-expresses a
copy of the glud1 gene, leading to moderate over-production of
glutamate and increased (∼30%) release of glutamate during synap-
tic transmission (Bao et al., 2009). For our analysis, we compared
the significance and directionality of zebrafish/mouse homologues,
as well as Biological Functions identified by IPA. We identified
459 zebrafish homologues of the 1018 Glud1 genes that were dif-
ferentially expressed compared to wild-type. Interestingly, only
six of those zebrafish homologues were significantly differentially
regulated with chronic domoic acid exposure in zebrafish at any
of the exposure duration time points; of those six genes, four
were altered in the same direction as their Glud1 mouse coun-
terparts (Fig. 5). Two  Biological Functions, as identified by IPA,
were found in common between the Glud1 mouse model analy-
sis and our targeted analysis of the zebrafish brain transcriptome:
Nervous System Function & Development; Cell Death. Genes differ-
entially transcribed at multiple domoic acid-exposure duration
time points in adult zebrafish whole brain do not correspond to
genes differentially transcribed in the nine month-old glud1 mouse
hippocampus.

4. Discussion

In order to elucidate the neurological consequences of chronic
exposure to low-level (asymptomatic) domoic acid doses, we con-
ducted a transcriptome profiling analysis on the brains of zebrafish
exposed for 2–36 weeks. We  hypothesized that: (1) chronic asymp-
tomatic domoic acid exposure would lead to a consistent gene

transcription profile in the brains of exposed zebrafish; and (2) this
profile would be similar to the gene transcription profile in the
hippocampi of Glud1 transgenic mice, a model of chronic moder-
ate glutamatergic over-stimulation (Bao et al., 2009; Wang et al.,
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Fig. 4. Comparison of oxidative damage and mitochondrial content and function in brains of zebrafish exposed for 18 weeks to domoic acid and time-matched vehicle
controls. (A) Protein carbonyl levels were significantly higher in exposed fish compared to controls. (B) Expression of complex II (30 kD subunit) and complex IV (subunit IV)
were  both significantly higher in exposed fish compared to controls. (C) Oxygen flux per unit brain tissue at five different measures of mitochondrial respiration (St4 = state 4,
C tion, 
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1-St3  = Complex I State 3, St3 = Complex I & II State 3, ETS = fully uncoupled respira
sh.  (D) Maximal state 3 respiration (ADP, plus succinate and glutamate/malate) wa

n  exposed fish compared to controls. n = 6–11 for control and exposed treatments, 

010). We  found that genes and biological functions related to
eurological function and development were significantly altered;
owever, the transcriptome response was highly variable across
xposure duration, with little to no overlap of specific genes across
he six exposure duration time points. Additionally, while biologi-

al function categories were similar between exposed zebrafish and
he Glud1 mouse model, less than 1% of individual genes overlapped
etween models.

ig. 5. Comparison of transcriptome responses in zebrafish whole brain and Glud1
ransgenic mouse hippocampus. Number of genes for each wedge is indicated.
ercent of zebrafish homologues is listed parenthetically. Of the 459 zebrafish homo-
ogues identified, only 6 were significantly altered; of those 6 genes, 4 were regulated
n the same direction as in the Glud1 hippocampus.
and CIV = Complex IV) was not significantly different between control and exposed
alized to complex ll and complex IV protein content. Flux per content was reduced

 ± SEM. *P < 0.05, **P < 0.01, ***P < 0.0001 relative to controls.

4.1. Chronic low-level domoic acid exposure does not lead to a
consistent transcriptome profile

We expected to identify early changes in gene transcription
following 2–6 weeks of domoic acid exposure, leading to a con-
sistent response at the later chronic time points. Instead, we  found
that the response was extremely variable and dynamic across all
exposure duration time points. The number of differentially tran-
scribed genes unique to each time point ranged from 77 to 94%
(Fig. 2A), with only three genes significantly regulated at more than
two time points. This shows that prolonged asymptomatic domoic
acid exposure produced a continuum of diverse gene transcription
responses.

This study is highly unique in its ability to evaluate the temporal
nature of the transcriptome response because it assessed six time
points across a duration that spanned a time period equivalent to
one-third of the organism’s life. Prior studies have typically investi-
gated gene transcription changes following only an acute exposure
to symptomatic doses of domoic acid (Ananth et al., 2001; Ryan
et al., 2005). Additionally, our previous work has shown that whole-
brain transcriptional response to symptomatic doses of domoic
acid differs markedly from the transcriptional response to asymp-
tomatic exposure (Lefebvre et al., 2009). Our current results suggest
that studies utilizing only a single domoic acid exposure duration
may  observe transcription profiles unique only to that particular
time point, and may  not extrapolate to other exposure durations.

4.2. Chronic low-level domoic acid exposure alters transcription
of genes related to nervous system function and development
We hypothesized that chronic asymptomatic domoic acid expo-
sure would lead to transcriptional changes in genes related to
neurological homeostatic function and development based on (1)
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vidence that perturbation to the glutamate system is linked to
everal neurological disorders (Choi, 1988); and (2) a model of dif-
erential neural insult whereby subtle insults, similar to chronic
symptomatic domoic acid exposure, lead to ‘alerted’ microglia,
hich contribute to a neuro-supportive environment by release of
eurotrophic factors (Hanisch and Kettenmann, 2007). This is in
ontrast to the cascade of more overt damage caused by full activa-
ion of microglia, which can ultimately lead to astrocyte activation
nd neuroinflammation. Notably, gfap (glial fibrillary acidic pro-
ein), a marker of astrocyte activation and neuroinflammation, was
ot significantly up-regulated at any of the time points (Table 1),
ighlighting the absence of overt neuroinflammation consistent
ith the unremarkable histopathology reported in Fig. 1.

Ingenuity Pathway Analysis (IPA) of our datasets revealed
everal significantly altered transcriptional responses in genes cat-
gorized in Biological Functions relevant to our hypotheses (Fig. 3).
ithin the IPA Bio Function categories nervous system development

 function and cell death, we examined six genes of interest, includ-
ng gria2a, nrxn2a,  pak7, appa, nfkbiab, and bcl2L1.  At the 2-week
ime point, the AMPA glutamate receptor encoded by gria2 was
own-regulated (Table 2). Notably, this was the only glutamate-
elated gene significantly altered by domoic acid exposure at any
ime point. Down-regulation of this receptor has been shown to
ccur following seizure activity (Huang et al., 2002), suggesting that
he down-regulation of gria2a at 2 weeks is a short-term compen-
atory response to elevated glutamatergic activity.

Neurexin 2a gene (nrxn2a), which encodes a synaptic organiza-
ion cell adhesion molecule, was up-regulated at 2 weeks (Table 2).
eurexins have been linked to Alzheimer’s disease (Gauthier et al.,
011), and may  play a role in maintaining mature neural networks
Rozic-Kotliroff and Zisapel, 2007); up-regulation at this time point
uggests an alteration of synaptic signaling and/or neural dis-
uption. A member of the PAK family of Ser/Thr protein kinases
ncoded by pak7, was down-regulated at the 36-week time point
Table 2). Pak7 is involved in neurite outgrowth (Dan et al., 2002)
nd its disruption suggests that synaptic trafficking may  be altered
Strochlic et al., 2012) following prolonged exposure to domoic
cid.

Transcriptional responses of a trio of genes involved in neu-
oprotective, anti-inflammatory, and apoptotic responses, appa,
fkbiab, and bcl2L1,  were significantly up-regulated following 24
eeks of domoic acid exposure (Table 2). Amyloid precursor pro-

ein (APP) is a membrane protein that is metabolized to �-amyloid
 the main component of Alzheimer’s disease (AD) plaques (Klunk
nd Abraham, 1988). While the function of APP in the non-AD brain
s unknown, it has been suggested to play a neuroprotective role
nder normal physiological conditions (Wentzell et al., 2012). Nfk-
ia, up-regulated 2.8-fold, encodes a cellular protein that inhibits
he NF-kB transcription factor (Arenzana-Seisdedos et al., 1995),
hich contributes to a pro-inflammatory cascade when activated.

 member of the Bcl-2 family, bcl2L1,  was also up-regulated; the
roteins in this family play a role in the regulation of apoptosis and
re localized to the mitochondrial membrane (Plas and Thompson,
002).

.3. Chronic low-level domoic acid exposure causes oxidative
amage, impairs mitochondrial function and may  trigger
ompensatory mitochondrial biogenesis

As a glutamate agonist, domoic acid overexcites glutamater-
ic receptors and ultimately causes excess Ca2+ influx at acute
oses, making mitochondria an obvious target for toxic insult due

o their central role in Ca2+ homeostasis (Nicholls, 2009; Nijjar
nd Nijjar, 2000). In the present study, differential transcription of
he bcl2L1 gene, involved in mitochondrial regulation of apoptosis
escribed above, provides evidence of mitochondrial involvement
logy 155 (2014) 151–159

in chronic asymptomatic domoic acid toxicity. Previous studies
in mice have further demonstrated that oxidative stress-induced
mitochondrial dysfunction is the underlying mechanism of domoic
acid-mediated cognitive deficits after acute exposure (Lu et al.,
2012). Elevated protein carbonyl levels in chronically exposed
zebrafish found in the present study suggest that oxidative stress
also plays a role in toxicity. Additionally, enzymatic assays of the
mitochondrial electron transport chain (complexes I–V) in iso-
lated rat mitochondria showed marked concentration-dependent
impairment in cardiac energetics following exposure to domoic
acid (Vranyac-Tramoundanas et al., 2008); this is consistent with
our findings of reduced mitochondrial-specific respiration in the
brains of chronically exposed zebrafish (Fig. 4D). Our findings of
increased oxidative damage (Fig. 4A) coupled with reduced mito-
chondrial respiration (Fig. 4D) suggest that low-level repetitive
domoic acid exposure also causes oxidative stress-related mito-
chondrial dysfunction. Interestingly, mitochondrial content was
significantly higher in exposed zebrafish (Fig. 4B), suggesting that
a compensatory mitochondrial biogenesis response may be initi-
ated to meet energy demands in a living organism. Evidence for
improvement in domoic acid-induced cognitive deficits by stimu-
lation of estrogen receptor-�-mediated mitochondrial biogenesis
signaling has been reported previously (Lu et al., 2012).

4.4. Chronic low-level domoic acid exposure leads to unique
transcriptome profiles compared to the Glud1 transgenic mouse
model

We  anticipated that the whole-brain transcriptome profile in
zebrafish chronically exposed to asymptomatic domoic acid doses
would be similar to the hippocampal transcriptome response in the
Glud1 transgenic mouse model (Wang et al., 2010). This transgenic
line transcribes extra copies of Glud1 (glutamate dehydrogenase
1) under the control of the promoter for neuron-specific enolase
(Nse) in neurons. This contributes to increased glutamate release
in striatal and hippocampal neurons compared to wild-type mice
(Bao et al., 2009).

We compared transcriptome results from the brains of chroni-
cally exposed zebrafish to hippocampi from nine-month old Glud1
mice (Wang et al., 2010), and identified transcriptional changes for
genes from two  IPA Bio Functions groups in both the present study
and the Glud1 mouse study: (1) Nervous System Function & Devel-
opment; and (2) Cell Death. However, individual gene transcription
responses in zebrafish were different from those reported in the
Glud1 mouse hippocampus (Fig. 5). Out of 459 zebrafish homo-
logues to the 1018 differentially transcribed Glud1 mouse genes,
only six genes (1.3% of zebrafish homologues) were significantly
differentially transcribed following domoic acid exposure, and only
four (0.9% of homologues) were altered in the same direction as
the Glud1 genes. This indicates that episodic domoic acid exposure
leads to a toxicological response similar to one produced by chron-
ically moderately elevated glutamatergic activity at a biological
function/pathway level, but not at the level of individual genes.

5. Conclusion

Chronic asymptomatic domoic acid exposure altered the tran-
scription of genes in several IPA-identified Bio Functions related
to nervous system function and neurodevelopment. The transcrip-
tome response was highly dynamic over the 36 week exposure
period, involving a varying list of differentially transcribed genes

and revealing that gene transcription responses are unique at
different exposure durations. Finally, oxidative stress-related mito-
chondrial dysfunction appears to play a role in chronic low-level
exposure similar to that shown in previous acute exposure studies.
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hese results highlight the temporal variability of the biological
esponse to chronic perturbation of the glutamate system, and
emonstrate the potential for subclinical pathology with low-level
nvironmental toxin exposure.
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