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Abstract
The BRIDGES (Biological Response Indicator Devices Gauging Environmental Stressors) bio-
analytical tool was developed in response to the need for a quantitative technology for assessing the
toxicity of environmentally relevant contaminant mixtures. This tool combines passive samplers with
the embryonic zebrafish model. When applied in an urban river it effectively linked site specific,
bioavailable contaminant mixtures to multiple biological responses. Embryonic zebrafish exposed
to extracts from lipid-free passive samplers that were deployed at five locations, within and outside
of the Portland Harbor Superfund Megasite, displayed different responses. Six of the eighteen
biological responses observed in 941 exposed zebrafish were significantly different between sites.
This demonstrates the sensitivity of the bio-analytical tool for detecting spatially distinct toxicity in
aquatic systems; bridging environmental exposure to biological response.
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Introduction
Human and ecosystem exposure to contaminants generally involves complex mixtures of
chemicals. Determining the concentrations of a wide range of chemicals in an environmental
matrix is limited to the detection of known compounds and may often exclude toxicologically
relevant chemicals. Toxicological studies tend to focus on the effects of exposure to a pure
chemical or specific class of chemicals. Mixture toxicity is not well understood but recent
studies demonstrate non-additive toxic effects elicited by chemical mixtures (Incardona et al.,
2004; Wassenberg and Di Giulio, 2004; Boobis et al., 2008; Duan et al., 2008). Present day
risk assessment models are inadequate for predicting toxic effects of complex chemical
mixtures because they do not take into account interactions between components that cause
synergistic, potentiating or inhibiting effects (Dardenne et al., 2008).
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There is a need for environmental assessment methods that address the issue of determining
the toxicity of environmentally relevant complex mixtures (Eggen et al., 2004; Collins et al.,
2008). In response to this need Biological Response Indicator Devices Gauging Environmental
Stressors (BRIDGES) was developed to bridge the gap between real-life exposure scenarios
and toxicity. We demonstrate the feasibility of conjoining two established technologies, passive
sampling devices and the embryonic zebrafish model, to create a rapid throughput bio-
analytical tool that assesses multiple biological responses to environmentally relevant
contaminant mixtures in a whole organism vertebrate model.

Passive sampling devices (PSDs) are used extensively for the assessment of contamination in
air, water and soil (Mayer et al., 2003). They sequester and concentrate the freely dissolved
portion of a variety of hydrophobic organic contaminants (Adams et al., 2007). PSDs mimic
bioconcentration mechanisms, such as diffusion through biomembranes and partitioning
between an organism and it's medium (Huckins et al., 2006). They are thought to be adequate
biological surrogates for the uptake of many organic contaminants and do not present the
disadvantages inherent in using organisms for environmental monitoring, such as motility,
growth and metabolism (Awata et al., 1999; Wells and Lanno, 2001; Zhang et al., 2006). PSDs
provide a time integrated concentration of the freely dissolved, bioavailable, fraction of a wide
range of analytes (Huckins et al., 2006). Lipid-free tubing (LFT) is a polyethylene membrane
with demonstrated capacity for sequestering organic contaminants from waters. Unlike other
PSDs, such as the semipermeable membrane devices (SPMDs), LFTs do not contain triolein
or other lipids, which facilitates clean-up, analysis and modeling of results (Anderson et al.,
2008).

Bioassays are experiments designed to evaluate the ability of contaminants to cause certain
biological responses, their potency in doing so, and the nature of the dose-response relationship
(Hill et al., 2005). The embryonic zebrafish has been identified as an ideal organism for in
vivo, full organism bioassays (Hill et al., 2005; Usenko et al., 2007; Renner, 2008) and is widely
used by researchers in a variety of fields. Zebrafish have many advantages over other vertebrate
bioassay models with respect to their size, husbandry and early morphology. The small size of
the fish reduces housing costs and allows for larger sample sizes. Zebrafish are very fecund,
producing up to 200 eggs per adult every 5-7 days. Furthermore, the embryos are nearly
transparent, allowing for clear non-invasive visualization of internal organs (Hill et al.,
2005). A number of molecular tools are also in place to permit integrative studies of the
mechanisms of action underlying observed non-specific biological responses (Vogel, 2000).

There is a recognized need to connect effective and efficient environmental sampling directly
to toxicity evaluations and risk assessment (Eggen et al., 2004; Collins et al., 2008). Research
to chemically characterize the Portland Harbor Superfund Megasite has been ongoing for many
years (Sethajintanin et al., 2004; Sower and Anderson, 2008; Integral et al., 2009). This study
does not seek to present additional chemical data but rather to demonstrate the potential
advantage of utilizing a complementary bioassay tool in combination with a fit-for-purpose
sampling methodology for environmental and risk assessment. A limited number of
publications address the possibility of using environmental samples obtained from PSDs in
toxicity bioassays (Parrott and Tillitt, 1997; Parrott et al., 1999; Sabaliunas et al., 2000; Heinis
et al., 2004; Petty et al., 2004; Ma et al., 2005; Ke et al., 2007; Springman et al., 2008). However,
the majority of these studies use in vitro assays or assess only a single biological effect. This
present study is the first report of coupling passive sampler technology with the assessment of
multiple developmental biological responses in a whole organism vertebrate model. The
toxicity of environmentally relevant chemical mixtures was assessed using the embryonic
zebrafish model and LFT passive samplers deployed in a model river system. Furthermore, we
evaluate differences in the biological responses observed in the zebrafish model related to the
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spatial deployment of LFT in the river system; Superfund versus upriver or downriver sites,
in an extract concentration-dependent manner.

Materials and Methods
PSD deployment and processing

Study area—Like many urban rivers, the lower Willamette River, Portland, OR, has been
the site of heavy industrial use. The area between river miles (RM) 3.5 and 9.2 was designated
a Superfund Megasite in 2000 due to contamination with a number of urban and industrial
contaminants including metals, polyaromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), dioxins and organochlorine pesticides (USEPA, 2000). Remediation within
the Superfund Megasite is ongoing. A sediment cap was placed over 23 acres of creosote
contaminated sediment at the McCormick and Baxter Superfund site at RM 7 east (E) in 2004.
Over 11,500 m3 of coal tar was removed from RM 6.3 west (W), the GASCO site within the
Portland Harbor Megasite in 2005 (Sower and Anderson, 2008). The Willamette River is
populated by resident and migratory fish populations and extensively used by sport and
subsistence anglers and recreational boaters (Sethajintanin et al., 2004; Sower and Anderson,
2008). The Portland Harbor Superfund Megasite is a representative river system to investigate
the availability and developmental health consequences of urban and industrial compounds to
aquatic organisms and, ultimately, to humans.

The study area consists of five locations; upstream (RM 17E), within (RMs 3.5E, 7W, 7E) and
downstream (RM 1E) of the Portland Harbor Superfund Megasite (Figure 1). The site locations
were selected to coincide with past studies that quantify freely dissolved fractions of PAHs
(Anderson et al., 2008;Sower and Anderson, 2008), PCBs and organochlorine pesticides
(Anderson et al., 2008) in the surface water using passive sampling devices.

Sample collection—The PSDs deployed in the lower Willamette River were lipid-free
tubing (LFT). Details about LFT preparation, deployment and extraction can be found in
Anderson et al (2008). Briefly, additive-free low-density polyethylene membrane (lay-flat
tubing) was cleaned with optima grade hexanes then heat sealed at both ends (final dimensions
2.7 × 100 cm). Unspiked LFT (not containing performance reference compounds) were
deployed at 5 sites in the lower Willamette River for 21 days in May, 2006. Five LFT were
co-deployed in a single stainless steel cage at each sampling site. Following exposure, LFTs
were transported to the lab in coolers, extracted into hexanes and split. One part of the split
LFT extract was solvent exchanged to dimethyl sulfoxide (DMSO) for the embryonic zebrafish
exposures, while the other was kept in hexanes for chemical analysis.

Zebrafish rearing and preparation
Embryos were collected from the Tropical 5D strain of zebrafish (Danio rerio) reared in the
Sinnhuber Aquatic Research Laboratory (SARL) at Oregon State University. Adults were kept
at standard laboratory conditions of 28 °C on a 14 h light/10 h dark photoperiod. Fish water
(FW) consisted of reverse osmosis water supplemented with a commercially available salt
solution (0.6% Instant Ocean©). Zebrafish were group spawned and embryos were collected
and staged as described by Kimmel et al. (1995).

Zebrafish embryos were exposed to extract solutions via FW exposure. Embryo exposures
were initiated between 4-6 hours post fertilization (hpf), prior to the commencement of
organogenesis (Kimmel et al., 1995). Preceding exposure, the chorion, an acellular envelope
surrounding the embryo, was removed by pronase treatment to minimize blockage of chemical
uptake (Mizell and Romig, 1997). Dechorionation was carried out at 2-4 hpf, after which
embryos were maintained for one hour then assessed for viability.
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Zebrafish exposure scenarios and biological response assessment
At approximately 6 hpf, dechorionated embryos were transferred individually to wells of a 96-
well glass-coated plate (Sunsri Systems) containing 100 μl of LFT extract in FW solution.
Static extract solution exposures were carried out at three LFT extract concentrations: 1%,
0.5%, and 0.3% of the original LFT extract solution diluted from 100% to 1% DMSO in FW.
Control embryos were exposed to 1% DMSO, to account for vehicle effects, and FW to ensure
embryo batch quality. Exposures to 1% blank LFT (never deployed in the field) extract
concentrations were also carried out to control for possible toxic effects of membrane extracts.
Three replicates of 24 fish were exposed per treatment level, totaling a maximum of 72 fish
per group. Embryos were assessed immediately after transfer to the wells to confirm viability.
Fish that did not survive transfer were not included in the assessment scoring.

Visual observations of developmental endpoints were performed using a stereo microscope at
30 and 126 hpf. Each zebrafish was binary scored (‘present’ or ‘absent’) in vivo for biological
responses including mortality or morphologic malformations (Table 1). A ‘present’ scoring
indicates malformation or abnormal development compared to normal embryonic zebrafish of
the same age as described by Kimmel et al (1995).

Eighteen individual developmental endpoints were assessed in each embryo. Furthermore, an
integrative embryonic zebrafish metric (EZM), adapted from the EZM for nanomaterial
toxicity (EZMNT) (Harper et al., 2008) was used to assess overall toxic effects. Briefly, the
EZM is based on a 0 to 24 point metric scale, relating to the 24 fish treatment grouping. The
maximum EZM score for any individual fish is 24, which indicates mortality at the first
assessment point. Mortality at the later assessment point has a score of 21.6 and the sum of all
other sublethal developmental endpoints is 21. The assignation of the relative values for the
sublethal biological responses was non-hierarchical; only mortality was valued higher than
other endpoints. The use of the EZM allows for comparison of individual organisms with
multiple different endpoints through a single integrative score. A list of all the developmental
endpoints assessed in this study and their associated EZM values is presented in Table 1.

Chemical Analysis
The LFT extracts were screened for chemical classes of concern using standard methods on
gas chromatography mass spectrometry (GC/MS) and gas chromatography electron capture
detection (GC/ECD). The chemicals screened for included parent and substituted PAHs, PCBs
and pesticides; all of which have been previously reported for the Portland Harbor Superfund
Megasite (Sower and Anderson, 2008; Integral et al., 2009). More than forty compounds were
identified in the LFT extracts including legacy and current use pesticides, PCBs, 10 of the U.S.
Environmental Protection Agency's 16 priority PAHs, 2 other parent PAHs, 3 oxy-PAHs and
7 methyl-PAHs. These results are in accordance with prior reports and demonstrate the
presence of complex chemical mixtures in the environment.

Statistical Analysis
Results from the observations of the embryos were grouped according to the 5 LFT deployment
sites (RM) and the 3 LFT extract concentration levels (1%, 0.5%, 0.3%) for each toxic endpoint
or EZM. Comparison of EZM integrative response scores between groups was carried out by
Kruskal-Wallis (n = 59 to 70). Comparison tests of individual binary scored effects were
performed using multiple logistic regressions, likelihood ratio (n = 941). A p-value of <0.05
was considered statistically significant. All statistical calculations were performed using
Sigmaplot v. 11 (Systat Software Inc., San Jose, CA, USA).

Hillwalker et al. Page 4

Chemosphere. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Sublethal biological responses included malformations of the heart, yolk sac, tail and
notochord, among others not pictured (Figure 2). No significant differences were observed
between the three control groups; FW, 1% DMSO and 1% blank LFT extract. This indicates
that the LFT extract does not elicit biological responses above basal levels.

To gain an overview of the general toxicity of the LFT extracts, an initial assessment was
performed using the EZM scoring system (Figure 3). The EZM integrates multiple biological
responses into a single, non-specific metric that facilitates general comparisons between
treatment groups. For the lower Willamette River sites, 6 out of the 15 EZM scores from the
5 sites and 3 exposure concentrations were significantly greater than the control group (p<0.05).
The two highest LFT extract concentrations (1% and 0.5%) from RMs 3.5E and 7W, as well
as the 0.5% and 0.3% concentrations from RM 1E had greater EZM scores than the DMSO
control (Figure 3). None of the extract dilutions from RM 17E, the site located upriver from
the Superfund Megasite, generated an EZM greater than the control.

A LFT extract concentration-response was observed for the three sites located within the
Superfund (3.5E, 7E and 7W), but not for the upstream or downstream sites. The two highest
concentrations from RM 3.5E elicited significantly higher EZM scores than the 0.3%
concentration (p<0.05) from this site. The high EZM observed for RM 3.5E reflects the elevated
occurrence of embryonic mortality elicited by these extracts. The highest concentration from
RM 7E obtained a higher EZM than the 0.3% concentration, which was the same trend observed
for RM 7W (p<0.05).

Significant differences between sites, at the same LFT extract concentrations, were also
observed (p<0.05). At the highest LFT extract concentration used in exposures (1%), the EZM
for RM 3.5E was significantly greater than all other sites except RM 7W. At that same extract
concentration, RM 7W was greater than RM 17E. The EZM for the 0.5% LFT extract, from
RM 3.5E was significantly greater than for all other sites. At this concentration, RM 1E was
greater than RM 17E. Only one difference between sites was observed at the lowest
concentration; RM 1E had a higher EZM than RM 17E.

To gain a more detailed understanding of the site-specific biological responses, the occurrence
of individual endpoints elicited by the highest LFT extract concentrations (1%) at different
sites were compared (Figure 4). Of the 18 individual developmental endpoints observed, 6 had
a significantly higher occurrence in zebrafish embryos that were exposed to LFT extracts than
the control (p<0.05). The highest mortality at 30 hpf was elicited by extract from RM 3.5E,
however RM 1E and 7W were also greater than the control. A higher occurrence of mortality
at 126 hpf was observed at the three sites within the Superfund than at the other sites. Because
of the high incidence of mortality elicited by the extract from RM 3.5E, this site was not
included in the comparisons of sublethal toxic effects. Extracts from RM 7E elicited more
underdeveloped bodies (stubby) than any other site. RMs 7E and 7W had a greater occurrence
of the bent tail and yolk sac edema developmental endpoints. Finally, notochord waviness was
observed only in embryos exposed to extracts from RM 7W. The analysis of individual effects
provides different insights into site-specific toxicity than the EZM.

Discussion
Conventional analytical approaches have not adequately addressed many important human and
environmental health questions related to relevant exposure scenarios and biological responses.
The gap between environmental measurements and toxicity is further widened as most
biological exposure studies are not conducted at environmentally relevant concentrations and
are not performed with realistic mixtures typical of contaminated sites (Wright and Welbourne,
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2001). The BRIDGES bio-analytical tool is an integrative approach that effectively links site
specific, bioavailable contaminant mixtures to multiple biological responses in a whole
organism model.

Embryonic zebrafish exposed to extracts from LFT that were deployed at five distinct locations,
within and outside of the Portland Harbor Superfund Megasite, displayed six significant
developmental endpoints; mortality at both time points, underdeveloped bodies, bent tail, yolk
sac edema and notochord waviness. Both the type and frequency of toxic endpoints observed
were significantly different between sites (Figure 4). For example, mortality at both time points
was significantly higher for the extracts from the Superfund Megasite. Within the Superfund
Megasite, incidence of mortality at RM 3.5E was the highest; great enough that this site was
excluded from analysis of sublethal effects due to the small number of live embryos. The
general site-specific trend in mortality observed in embryonic zebrafish is consistent with
measurements of PAHs in the lower Willamette River obtained in a different study during the
same period; higher total concentrations were observed within the Superfund Megasite, the
highest at RM 3.5E (Sower and Anderson, 2008).

Of particular interest were the differences in the specific endpoints elicited between sites.
Notochord waviness was only observed in embryos exposed to the extract from RM 7W,
whereas a significantly higher incidence of underdeveloped bodies was only observed for RM
7E. These sites are located at the same river mile, on opposite banks, but showed markedly
different toxicity. Differences in the concentrations of PAHs, PCBs, organochlorine pesticides
and other chemicals of concern have been detected for these two sites in previous studies
(Sower and Anderson, 2008; Integral et al., 2009). Both RM 7 sites had a greater occurrence
of bent tails and yolk sac edema than the other sites, including the site located downstream of
the Superfund Megasite. These results demonstrate the sensitivity of this rapid throughput, full
organism vertebrate model for detecting distinct toxicity in aquatic systems even within the
spatially reduced area of the Portland Harbor Superfund Megasite.

The developmental endpoints observed in this study have been associated with exposures to
certain individual contaminants or mixtures in previous zebrafish studies, although by the
nature of the model the biological responses are non-specific to a mechanism of action. For
example, exposure to PAHs leads to mortality, body axis defects and edemas among other
effects (Incardona et al., 2004). Early developmental dithiocarbamate exposures cause
notochord distortions in exposed zebrafish (Tilton et al., 2006). Perfluorooctanesulfonate
(PFOA) exposure leads to yolk sac edema, tail malformation, underdeveloped bodies and spinal
curvature (Shi et al., 2008). The endpoints observed in this study cannot at this time be
associated with specific contaminants sequestered by the deployed LFT extract. Future
research will focus on the determination of the bio-active contaminants responsible for mode
(s) of action via the zebrafish model utilizing multiple parallel approaches, such as those
previously described by Eide et al (2002) and McDonald et al (2004).

The integrated EZM scoring system allows for a broad overview of general toxicity and
facilitates analysis of an extract concentration-response relationship as well as simplifying
comparisons between sites (Harper et al., 2008). However, there are some disadvantages to
reducing all toxic endpoints observed to a single score. Subtle differences between sites, such
as the frequency of specific developmental endpoints, are not apparent when using EZM for
comparison and toxic effects that are unique to a particular site cannot be differentiated by the
score alone. Furthermore, it is important to recognize that mortality is the most determinant
endpoint in the EZM scoring system and differences in sublethal effects have less influence
on the score. None the less, the EZM is a valuable initial site comparison assessment tool that
provides an important overview of the general toxicity of LFT extracts.
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Using the EZM, an exposure concentration-response was observed for LFT extracts from the
three sites in the Superfund. The highest LFT extract concentrations from sites within the
Superfund Megasite were associated with the greatest EZM scores. In contrast, a relationship
between concentration and EZM was not observed for the upstream and downstream extracts.
The inclusion of a wider range of concentrations in future studies could help to produce a more
defined concentration-response curve. Furthermore, EZM allowed for differentiation between
sites. The highest EZM scores were observed for the two highest concentrations from RM 3.5E,
which was driven by mortality. Other differences were observed between extracts from sites;
in general superfund sites or the downstream location (RM 1E) elicited higher EZM scores
than the upstream locations (RM 17E). There is potential for this simple integrated scoring
system to be refined and adapted to specific research goals and site assessment in the future.

Along with the results of this study, PSD extracts have proven feasible for linking bioavailable
contaminant concentrations to biological responses in several promising proof-of-concept
bioassay studies (Ma et al., 2005; Ke et al., 2007). Parrott et al. (1999) and Parrot and Tillitt
(1997) investigated EROD (ethoxyresorufin-O-deethylase) induction in fish liver cell lines
upon exposure to SPMD extracts. Petty et al. (2004) have reported endocrine effects with the
VGT (vitellogenin) and the yeast estrogen screen (YES) assays using PSD extracts. Standard
toxicity and genotoxicity bioassays, such as the Daphtox kit, the Ames mutagenicity test, and
the Microtox test, as well as whole organism bioassays have been reported to be compatible
with exposure to SPMD extracts (1998; Sabaliunas et al., 2000; Huckins et al., 2006;
Springman et al., 2008). Prior to this study, multiple developmental responses elicited by PSD
extracts in a whole organism model had not been assessed.

Other researchers have observed toxic responses above basal levels as a result of bioassay
exposure to field and laboratory blank SPMD extracts (Sabaliunas et al., 1998; Sabaliunas et
al., 1999; Sabaliunas et al., 2000; Springman et al., 2008). This has been attributed to co-
dialyzed impurities in the SPMD, such as polyethylene oligomers, oleic acid, methyl oleate
and elemental sulfur (Petty et al., 2000). Whole organism bioassays and standard toxicity tests
are affected by impurities found in SPMD dialysis blanks (Sabaliunas et al., 2000), which may
be minimized by purchasing high purity triolein (Springman et al., 2008) and more extensive
laboratory clean-up procedures requiring chlorinated solvents. Petty et al.(2000) suggest that
residual methyl oleate may be removed through diffusion during field deployment, which was
observed by Springman et al. (2008). In this present study, exposure of blank laboratory
prepped LFT did not elicit a toxic response different from the fish water and 1% DMSO control
groups. One of the distinct advantages in using LFT is that they do not contain oleic acid
impurities. Consideration of cost, time and solvent use associated with increased clean-up of
other PSDs highlight that the LFT may be better suited to bioassay applications.

The quantitative toxicity data obtained using the BRIDGES bio-analytical tool provides
valuable insight into the differential toxicity of environmentally relevant contaminant mixtures.
Ideally it would be used as a complementary tool for environmental and risk assessment in
conjunction with chemical characterization of sites. Advanced bio-statistical models that
provide insight into the association between chemical mixture and bioassay data are under
development.

Management decisions are often based solely on single chemical data applied to an additive
model using relative hazard quotients, which has been shown to be inadequate in predicting
mixture toxicity (Boobis et al., 2008; Dardenne et al., 2008). Application of the BRIDGES
bio-analytical tool could inform management actions by providing more accurate information
through demonstrated mixture toxicity data. This could be used to validate management actions
or, in cases where the results of additive models do not align with demonstrated mixture
toxicity, to incite further investigate or reassessment.
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Characterization and management of contaminated sites requires effective and biologically
validated (Sanchez et al., 2002; Schwartz et al., 2005) quantitative tools to address how
contaminants act as components of mixtures both in the environment and upon exposure to
organisms and humans (U.S.DOI, 1998; Walker et al., 2001). The BRIDGES bio-analytical
tool combines the LFT passive sampler with the embryonic zebrafish model. Passive sampling
is a robust and cost-effective technology with the advantages of time-integrated sequestration
and concentration of biologically relevant contaminants (Allan et al., 2006). The embryonic
zebrafish assay is an ideal whole organism model to screen for biological responses associated
with toxicity and relate them to other vertebrate systems. This study demonstrates that
BRIDGES is a sensitive bio-analytical tool capable of assessing the toxicity of site specific,
environmentally relevant contaminant mixtures.
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Figure 1.
The Lower Willamette River, OR (north flowing). LFT passive samplers were deployed in the
water column, 10 ft above the substrate, at the sites indicated by the yellow circles. The Portland
Harbor Superfund Megasite is outlined in red. The McCormick and Baxter Superfund site is
located on the east bank at river mile 7 (RM 7E).
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Figure 2.
Abnormal developmental morphological endpoints observed in embryonic zebrafish exposed
to contaminant mixtures from extracts of LFTs deployed in the lower Willamette River, Spring
2006. Dechorionated embryos were exposed to LFT extract solution or 1% DMSO (vehicle
control) in fish water at approximately 6 hours post fertilization. Representative sublethal toxic
effects, observed by stereo microscope at 30 and 126 hpf, included notochord waviness (Not),
pericardial edema (PE), yolk sac edema (YSE), and bent tail (T).
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Figure 3.
Comparison of the integrative EZM (mean ± 95% CI) of embryonic zebrafish exposed to
different concentrations of extract solution obtained from LFTs deployed in the lower
Willamette River, Spring 2006 (n=941). Asterisks (*) indicate significant differences relative
to control embryos (1% DMSO). Sampling sites located within the Superfund area, river mile
(RM) 3.5E, 7E, 7W, are represented by solid symbols.
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Figure 4.
Spatial comparison of mortality and sublethal toxic effects in embryonic zebrafish exposed to
1% extract concentration from LFTs deployed at distinct river miles (RM) along the lower
Willamette River, OR, Spring 2006 (mean ± 95% CI, n=3 groups, total of 941). Asterisks (*,
**) represent significant differences. Due to a high incidence of mortality, sublethal effects
were not considered for RM 3.5E (indicated by X).
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Table 1

Developmental endpoints assessed for abnormal development compared to normal embryonic zebrafish of the
same age. The embryonic zebrafish metric (EZM) is based on a 24 point scale and is obtained by summing the
EZM scores for every endpoint observed in an individual fish. The sum of all sublethal endpoints is less than the
score associated with mortality.

Toxic Endpoint EZM Score

Mortality at 30 hpf 24

notochord at 30 hpf 1.275

mortality at 126 hpf 21.6

notochord at 126 hpf 1.275

heart 1.275

brain 1.275

yolk sac 1.275

body 1.275

circulation 1.275

eye 1.275

jaw 1.275

tail 1.275

somites 1.275

caudal fin 1.275

pectoral fin 1.275

snout 1.275

body axis 1.275

otic vessels 1.275
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