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HIGHLIGHTS

» Crude oils from distinct geological sources produce an overlapping cardiotoxicity syndrome in developing zebrafish embryos.
» The patterns of AHR activation in cardiac tissue depended on the degree of weathering of the oils.

» Mechanisms of cardiotoxicity of petrogenic PAH mixtures likely shift with changes in mixture composition due to weathering.
» Data collected on intensively studied crude oils such as ANSCO can help predict the impacts of other oil spills.
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in developing fish. To determine whether different crude oils or PAH compositions produce common
or distinct effects, we used zebrafish embryos to directly compare two crude oils at different states of
weathering. Iranian heavy crude oil (IHCO) spilled in the Yellow Sea following the 2007 Hebei Spirit acci-
dent was compared to the intensively studied Alaska North Slope crude oil (ANSCO) using two different
exposure methods, water-accommodated fractions containing dispersed oil microdroplets and oiled
Marine pollution gravel effluent. Overall, both crude oils produced a largely overlapping suite of defects, marked by the
Fish embryology well-known effects of PAH exposure on cardiac function. Specific cardiotoxicity phenotypes were nearly
Developmental toxicity identical between the two oils, including impacts on ventricular contractility and looping of the cardiac
Cardiovascular toxicity chambers. However, with increased weathering, tissue-specific patterns of aryl hydrocarbon receptor
(AHR) activation in the heart changed, with myocardial AHR activation evident when alkyl-PAHs domi-
nated the mixture, Our findings suggest that mechanisms of cardiotoxicity may shift from a predomi-
nantly AHR-independent mode during early weathering to a multiple pathway or synergistic mode
with prolonged weathering and increased proportions of dissolved alkyl-PAHs. Despite continued need
for comparisons of crude oils from different sources, the results here indicate that the body of knowledge
already acquired from studies of ANSCO is directly relevant to understanding the impacts of other crude
oil spills on the early life history stages of fish.
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1. Introduction spills. Crude oils from different origins have distinct chemical com-
positions (Stout and Wang, 2007), hence potentially differing tox-

Systematic comparison of toxic responses to different crude oils icity. A few studies compared the general toxicity (e.g. LC50s) of
could help guide and expedite assessment of recent and future different types of crude oils and refinery products in aquatic
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species (Anderson et al., 1974; Neff et al., 2000). The most exten-
sive information on the toxicity of crude oil to developing fish is
derived from studies on Alaska North Slope crude oil (ANSCO), fol-
lowing the 1989 Exxon Valdez oil spill (Peterson, 2001). Those
studies focused primarily on pink salmon (Oncorhynchus gorbus-
cha) and Pacific herring (Clupea pallasi), species impacted by the
spill. More recent studies in our laboratory utilized the zebrafish
model to dissect mechanisms of developmental toxicity associated
with ANSCO and polycyclic aromatic hydrocarbons (PAHs) derived
from crude oil and other pyrogenic sources (Incardona et al., 2004,
2005, 2006; Hicken et al., 2011; Incardona et al,, 2011). Only a few
other studies have examined the effects of geologically distinct
crude oils on developing fish, and have focused on different spe-
cies. This includes the effects of Mesa light and Bass Strait crude
oils on mummichog (Fundulus heteroclitus) and rainbowfish (Mela-
notaenia fluviatilis), respectively (Couillard, 2002; Pollino and Hold-
way, 2002). While all of the aforementioned studies point to a
common cardiovascular syndrome induced in developing teleost
embryos following exposure to crude oil, there have been no sys-
tematic comparisons of different oil types using cardiotoxic end-
points, and in a species that is as tractable for mechanistic
insight as zebrafish. Our studies in zebrafish indicate that func-
tional and morphological impacts on the developing heart are
among the most sensitive indicators of expostire to ANSCO (Carls
et al,, 2008; Carls and Meador, 2009; Incardona et al., 2009; Hicken
et al,, 2011). Identification of common mechanisms among other
crude oils would be useful in terms of assessing oil spill impacts
on the most sensitive and informative endpoints. Insights from
past research on ANSCO could help guide and expedite the assess-
ment of more recent oil spills, including the Deepwater Horizon
incident, if the cardiotoxic effects of different crude oils to fish
early life history stages are similar.

The Hebei Spirit oil spill occurred 7 December 2007 off the coast
of South Korea, and was recorded as one of the largest tanker spills
of recent years, comparable to the Prestige oil spill in 2002 and Tas-
man Spirit in 2003 (ITOPF, 2008). Three different kinds of crude oil
(United Arab Emirates Upper Zakum, Kuwait export crude and Ira-
nian heavy crude) were spilled. High waves (up to four meters) and
northwesterly winds (10-14 m s~') for several days after the spill
led to widespread distribution and stranding of oil on the coastline
of Taean County (Kim et al,, 2010), a region rich in marine and
coastal resources. Many marine species were found dead on rocky
shores and beaches and more than 8571 ha of land-based fish aqua-
culture facilities were directly affected by the crude oil. Hatching
success rate in rockfish and flatfish declined to less than 50% in
land-based aquaculture facilities using water from spill zones (Na-
tional Fisheries Research and Development Institute, Republic of
Korea, unpublished data). This spill provided the opportunity to di-
rectly compare a Middle Eastern crude oil to ANSCO.

Previous studies on ANSCO demonstrated that toxicity to fish
embryosincreased (per unit mass of total PAHs) as weathering chan-
ged the composition of dissolved polycyclic aromatic hydrocarbons
(PAHs) toward an enrichiment of the tricyclic fluorenes, dibenzothi-
ophenes, and phenanthrenes (Carls et al., 1999; Heintz et al., 1999).
Later studies comparing the toxicity of individual parent (non-alkyl-
ated) tricyclic PAHs to the toxicity of ANSCO using the zebrafish
model showed that the oil-derived PAH mixture (with composition
dominated by parent PAHs) produce defects in embryonic cardiac
function that were not dependent on activation of aryl hydrocarbon
receptors (AHRs)(Incardona et al,, 2004, 2005). The AHR family com-
prises ligand-activated transcription factors that regulate the xeno-
biotic metabolic response to PAHs (i.e. AHR-mediated), primarily by
activating the synthesis of cytochrome P4501A (CYP1A) (Nebert
et al, 2004). Individual tricyclic PAHs and lightly weathered ANSCO
were both cardiotoxic to zebrafish embryos without activation of
AHR in myocardial cells (i.e. AHR-independent), as measured by
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induction of CYP1A. In assays of single compounds, dibenzothio-
phene and phenanthrene appeared equipotent, while fluorene pro-
duced less severe impacts on cardiac function (Incardona et al,,
2004). In contrast, some higher molecular weight PAHs (e.g.
benz|alanthracene) and retene, a C4-alkyl-phenanthrene, caused
“dioxin-like” cardiotoxicity that is dependent on activation of the
zebrafish AHR2 isoform and is associated with myocardial CYP1A
induction (Incardona et al., 2006; Scott et al., 2011). The toxicity of
different crude oils may thus depend on an interplay of these (and
possibly other) mechanisms, and it is unclear whether simple addi-
tivity models for PAH toxicity (French-McCay, 2002; McGrath and Di
Toro, 2009) or more complex models combining multiple modes of
action (e.g. Barron et al,, 2004) are relevant for predicting oil toxicity
to fish early life history stages. This question is important for under-
standing oil spill impacts because different crude oils may contain
different ratios of these families of tricyclic compounds. Also, the
composition of dissolved PAHs shifts during weathering from dom-
inance by parent compounds to dominance by alkylated compounds
suggesting the possibility of a corresponding shift from AHR-inde-
pendent to AHR-mediated cardiotoxicity.

To both identify the potential for long-term impacts of the He-
bei Spirit spill, determine what assays would be best applied in
more logistically difficult studies of marine fish, and expand our
understanding of basic toxicity mechanisms of different crude oils,
we used zebrafish embryos to directly compare the phenotypes
associated with exposure to Iranian heavy crude oil (IHCO) from
the Hebei Spirit hold to ANSCO., We used two very different meth-
ods to produce water with dissolved oil components: high-energy
water-accommodated fractions (HEWAFs) and oiled-gravel gener-
ator columns (oiled gravel effluent, OGE). HEWAF preparations are
designed to mimic the conditions of physical dispersion of oil drop-
lets in an open ocean oil spill under high energy wave conditions,
while OGEs are designed to mimic the slow time-release of dis-
solved PAHs during prolonged weathering of an oiled shoreline,
The goals of these studies were to determine (1) if novel pheno-
types were associated with -exposure to IHCO, (2) whether the ef-
fects of IHCO on heart development were similar to ANSCO; (3)
how cardiotoxicity might shift with changing PAH composition
during weathering; and (4) whether the different crude oils might
cause different tissue-specific patterns of CYP1A induction. These
studies were not designed to determine thresholds for toxicity or
ECses, and the focus was on the physiological (i.e. cardiac) re-
sponses of individual animals.

2. Materials and methods

2.1. Zebrafish exposure

A zebrafish breeding colony (wild type AB) was maintained

using routine procedures (Linbo, 2009). Fertilized eggs were col-
lected in water adjusted to a conductivity of approximately 1500~
1600 pS cm™!, pH 7.5-8 with Instant Ocean salts (“system water”).
Fish were maintained and treated according to an IACUC-approved
protocol and anesthetized with ~1 mM MS-222. HEWAFs were pre-
pared by manual shaking in separatory funnels as previously de-
scribed (Carls et al., 2008; Hatlen et al., 2010). The ANSCO was
partially weathered artificially by slow heating until volume was
reduced by 20% (Marty et al., 1997). For HEWAF preparations, IHCO
and ANSCO were diluted 1:10000 into 100 mL system water
(100 ppm oil mass load) and 1:20000 into 1L system water
(50 ppm oil mass load). Gravel was coated with THCO at a loading
of 6 g oil kg~! gravel by manually shaking in an uncoated stainless
steel paint can, followed by air drying in a thin layer for 24 h prior to
loading into a column, ANSCO oiled gravel (6 g kg™!) was similarly
prepared for a prior study, and had been weathered with zebrafish
EX5061-000002-TRB
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system water for one week before storage at —20 °C (Incardona
et al,, 2005). This gravel was reused for more prolonged weathering
(Hicken et al., 2011). ANSCO and IHCO HEWAF exposures were car-
ried out simultaneously either in 100-mm glass petri dishes with 2
replicates of 50 embryos in 25 mL for each treatment (100 ppm oil
load), or in 60-mm glass petri dishes with 4 replicates of 20 em-
bryos in 10 mL for each treatment. HEWAF exposures were carried
out with dishes randomly distributed in an incubator held at
28.5 °C. For gravel column effluent exposures, groups of 25 embryos
were maintained in each of four open 60-mm glass petri dishes sub-
merged in either control (CGE) or oiled gravel effluent (OGE) as de-
scribed  previously, with temperature held at 28°C with
submersible aquarium heaters (Incardona et al.,, 2005). Zebrafish
embryos were added to the IHCO effluents between days 2 and 4
of weathering (i.e. column flow), and again at day 53. Embryos were
added to the ANSCO effluents on regular 2- to 4-day intervals from
day 1 through day 51 of weathering, Data from time points not de-
scribed here were previously published for the ANSCO exposure
(Hicken et al,, 2011). HEWAF exposures were initiated immediately
after completion of the HEWAF preparation (no weathering). Em-
bryos were exposed from early gastrulation (4-5 h post-fertiliza-
tion, hpf) to either 48 hpf (long pec hatching stage) or 72 hpf
(protruding mouth hatching stage; Kimmel et al., 1995). For the
100 ppm HEWAF and day 2-4 OGE exposures, embryos were scored
at 48 hpf for defects, and a subset randomly selected for imaging.
The remainder was allowed to continue incubation to 72 hpf. These
developmental time points were chosen in order to make direct

comparisons to previous studies on PAH effects on zebrafish heart -

development (Incardona et al., 2004, 2005, 2006), and observation
of embryos throughout exposure showed that pericardial edema
was first evident between 36 and 48 hpf, Any non-viable embryos
(typically < 5%) were removed after initial overnight incubation.
Column flow rates and temperature were monitored and embryos
were observed daily.

2.2. Imaging of embryos

Embryos were manually dechorionated, observed, and imaged
on a Nikon SMZ800 stereomicroscope or Zeiss Axioplan 2 compound
microscope using a Fire-i 400 industrial video camera (Unibrain, San
Ramon, CA) and BTV Pro software (Bensoftware.com) on Macintosh
computers as previously described (Incardona et al., 2004, 2005).
Pericardial edema and intracranial hemorrhage were scored as pres-
" ent or absent in live embryos. Heart rate was measured either by
counting over a 10-s interval in live animals viewed on a stereomi-
croscope (day 53 OGE exposure), or by counting contractions in
10-s video clips {all other exposures). Severity of edema was quan-
tified by measuring the pericardial area in left lateral images (col-
lected on the stereoscope at 63 x total magnification) using Image]
(rsbweb.nih.gov/ij/) as described previously (Incardona et al,,
2006). Edema accumulation was measured as increase in pericardial
area by subtracting the average pericardial area measured in control
embryos from all measures (controls and exposed), following con-
version from pixels to pm? based on a stage micrometer image.
For the 100 ppm oil load HEWAF exposure, a subset of embryos were
selected at random for imaging from each of the two replicates of 50
embryos. For the 50 ppm oil load HEWAF exposure, all 20 embryos
from eachreplicate were imaged. For assessment of cardiac contrac-
tility, 5 embryos were randomly selected from 3 of the 4 replicates,
mounted in 3% methylcellulose in the right lateral position (to better
view the ventricle), and placed under a coverslip for viewing on the
Zeiss Axioplan 2 with a 20x objective (200x total magnification)
with differential interference contrast optics, followed by collection
of a pair of 5-s video clips focused on the ventricle and the atrium.
Video files were opened in Image] and chamber dimensions mea-
sured in video frames corresponding to peak diastole and peak

systole along lines drawn at the same angle for each. Contractility
was measured as fractional shortening with the formula (end-dia-
stolic diameter minus end-systolic diameter)/end diastolic diameter
(Bendig et al., 2006; Incardona et al., 2011). Dechorionated embryos
were fixed in 4% phosphate-buffered paraformaldehyde and pro-
cessed for immunofluorescence with anti-CYP1A (monoclonal anti-
body C10-7, Biosense Laboratories, Bergen, Norway) and anti-
myosin heavy chain (monoclonal antibody MF20, Developmental
Studies Hybridoma Bank, University of lowa). Secondary antibodies
(Invitrogen/Molecular Probes) were goat anti-mouse IgGs and goat
anti-mouse IgG,,. Embryos were mounted in 3% methylcellulose
and imaged using a Zeiss LSM 5 Pascal confocal system with Ar
and HeNe lasers (Carl Zeiss Advanced Imaging).

2.3, Statistical analysis

Data were analyzed using JMP 6.0.2 for Macintosh. For pheno-
type occurrence data from the 50 ppm HEWAF exposure, a one-
way ANOVA was applied to values from 4 replicates for each treat-
ment. In a post hoc means comparison (Tukey-Kramer Honestly
Significant Differences Test), there was no difference between
IHCO- and ANSCO-exposed groups. For measures of pericardial
area, cardiac chamber dimensions, and contractility, a nested ANO-
VA was used to test for a replicate “tank” effect (replicate nested
under oil exposure) in addition to an effect of exposure, For peri-
cardial area, ANOVA was applied to 20 measures from each of 4
replicates for HEWAFs and 6 (controls) or 11 (oil-exposed) mea-
sures from each of 2 replicates for OGE, while cardiac dimensions
and contractility included 4 or 5 measures from each of 3 repli-
cates. In the measurement of cardiac dimensions, 2 embryos from
each of the 15 randomly selected IHCO and ANSCO-exposed groups
displayed the atrioventricular toggling phenotype, in which both
chambers are dilated. Because this is a phenotype that is distinct
from the more frequent ventricular contractility phenotype, the
values for these 4 animals were excluded from the statistical anal-
ysis for atrial and ventricular contractility (resulting in 2 of 3 rep-
licates for oil-exposed groups having N = 4 instead of N =5). There
was also no significant difference between IHCO- and ANSCO-ex-
posed groups in post hoc means comparisons for pericardial area
and chamber dimensions. [n exposures involving only two treat-
ment groups (e.g. control gravel and [HCO gravel at 53 days),
means were compared by a t-test.

2.4, PAH measurements

100-mL water samples were collected at the start and end of
embryo incubations throughout the duration of column weather-
ing, and immediately after HEWAF preparation. The water samples
were extracted with dichloromethane after addition of internal
standards and analyzed using GC/MS selected ion monitoring with -
additional monitoring for alkylated PAHs as described elsewhere
(Short et al., 1996; Sloan et al., 2005; Hicken et al., 2011). A PAH
spiked water blank and a method blank sample were analyzed con-
currently with samples. The lower limits of quantification for PAHs
ranged from 0.38 to 1.1 ng L™, Values for S"PAHs in the text in-
clude all measured values above the detection limits (listed in
the legend to Fig. 1).

3. Results

3.1. PAH compositions of water-accommodated fractions (HEWAFs)
and oiled gravel effluents (OGEs)

The PAH composition of whole oil for IHCO and ANSCO were
similar, but showed some key differences (Fig. 1A). IHCO had a
EX5061-000003-TRB
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Fig. 1. PAHs concentrations in whole oil and HEWAF preparations at the start of exposure. Gray bars represent IHCO, black bars ANSCO. Values represent single
measurements from the first HEWAF exposure, and means (+s.e.m.) for duplicate water samples from the second HEWAF exposure. (A) Whole oil. (B) Unfiltered HEWAF1
containing both dissolved PAH and oil droplets. (C) Unfiltered HEWAF2 containing both dissolved PAH and oil droplets. (D) Dissolved PAHs measured in filtered HEWAF2. N,
naphthalenes; AY, acenaphthylene; AE, acenaphthene; F, fluorene; D, dibenzothiophene; P, phenanthrene; ANT, anthracene; FL, fluoranthene; PY, pyrene; FP, fluoranthenes/
pyrenes; BAA, benz{a]anthracene; C, chrysene; BBF, benzo[b]fluoranthene; BKF, benzo[j}fluoranthene/benzo[ k]fluoranthene; BEP, benzo[e|pyrene; BAP, benzo[a]pyrene; PER,
perylene; IDY, indeno[1,2,3-cd]pyrene, DBA, dibenz[a,h]anthracene/dibenz[a,c]anthracene; BPY, benzo[ghi]perylene. Parent compound is indicated by a 0 (e.g., NO), while
numbers of additional carbons (e.g. methyl groups) for alkylated homologs are indicated as N1, N2, etc.

slightly lower concentration of naphthalenes (37%), nearly half the
level of phenanthrenes (48%), and slightly higher dibenzothioph-
enes (21%). Although embryos were exposed to unfiltered WAFs
with PAH concentrations that appear relatively high (Fig. 1B and
C), a previous study demonstrated that only the dissolved fraction
contributes to toxicity (Carls et al., 2008). The total 5" PAHs for the
first HEWAF preparations (HEWAF1, Fig. 1B) were 158 ug L™ and
287 pg L~ for IHCO and ANSCO, respectively, and 284 + 37 pg L™
and 383 +24 ug L7, respectively, for the second HEWAF prepara-
tions (HEWAF2, Fig. 1C). Analysis of PAHs in a filtrate of the second
HEWAF preparation (HEWAF2, Fig. 1D) demonstrated that for IHCO

and ANSCO only 12% and 15%, respectively, of the total tricyclic
PAHs (fluorenes, dibenzothiophenes, phenanthrenes) and 49%
and 54%, respectively of the more water-soluble naphthalenes
were dissolved (dissolved S PAHs of 102.7+0.2pgL™! and
157.3+£0.7 for IHCO and ANSCO, respectively). Consistent with
this, a water-washed, early weathering pattern of PAHs was pres-
ent in the filtered fraction, with sets of parent-homolog series that
sloped toward the right, (Fig. 1D) as opposed to the hump-shaped
homolog series present in whole oils (Fig. 1A) or unfiltered HE-
WAFs (Fig. 1B and C). The filtered fraction was nearly completely
representative of dissolved PAHs, indicated by the 98-99% lower
EX5061-000004-TRB
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levels of the highly water insoluble phytane in the filtrates (from
485+95pgl™! to 0073+0.011pgl™! for IHCO and
26.5+35pg 7! to 0.064% 0,002 ug L' for ANSCO). Moreover,
PAHs with 4 rings and higher were all below detection limits in
the dissolved fraction (Fig. 1D). The higher relative levels of all
compounds in the ANSCO HEWAFs are most likely due to more
efficient mechanical dispersion than the heavier IHCO. Artificial
pre-weathering of the ANSCO by heating primarily removes the
highly volatile monoaromatic compounds (Marty et al., 1997). Be-
cause the IHCO was not pre-weathered in this manner, a key chem-
ical difference between the ANSCO and ITHCO HEWAFs would be
the presence of these monoaromatic compounds (e.g. benzene, tol-
uene, ethylbenzene, xylene; BTEX) in the latter,

OGEs contain no whole oil, and although the IHCO was fresh
and the ANSCO was artificially weathered to remove BTEX, air-dry-
ing of gravel prior to packing in columns would eliminate BTEX
from the THCO gravel. Over time, the PAH composition of both
OGEs changed as expected from previous weathering studies
(Short and Heintz, 1997), with early time points dominated by par-
ent (non-alkylated) PAHs, shifting to a pattern dominated by alkyl-
ated homologs at later time points (Fig. 2). This is reflected
graphically by a shift from step-wise reductions toward the right
within each homolog cluster (e.g. Fig. 2A, FO through F3) to
hump-shaped clusters or step-wise increases to the right within

clusters (e.g. Fig 2C and D, DO through D4 and FO through F3, -

respectively). There were interesting differences in the patterns
from IHCO compared to ANSCO, which may reflect the relationship

between other physical-chemical properties of crude oils to the -

water-solubility of individual PAH classes. For example, although
both oils were applied to the gravel at the same level (6 gkg™!)
and use the same flow rates, initial PAH concentrations were much
higher for ANSCO (Figs. 2A and E). Moreover, while the initial AN-
SCO OGE was dominated by both parent dibenzothiophene (D0}
and phenanthrene (P0) (Fig. 2A), minimally weathered IHCO OGE
was dominated by parent dibenzothiophene (D0), but C1-phenan-
threne (P1) instead of PO (Fig. 2E). In addition, chrysenes C0-C3
were detected at low levels in all IHCO samples (Fig. 2E-G), but ex-
cept for parent chrysene {C0), were below detection limits in most
ANSCO samples, (Fig. 2B and D).

In summary, both exposure methods (HEWAF and OGE) pro-
duced a range of waterborne PAH concentrations and composi-
tions, as well as exposures that allow the comparison of effects
with and without the presence of BTEX.

3.2, Similarities and differences between the gross phenotypes of
embryos exposed to IHCO or ANSCO

We compared the toxicity of IHCO and ANSCO in four indepen-
dent assays. Two exposures were carried out with HEWAFs and
. two exposures were carried out with oiled gravel columns. The
OGE exposures were performed with the same IHCO oiled gravel

column run continuously, with embryo toxicity tested 50 days

apart. The overall morphological impacts of exposure were as-
sessed in one HEWAF exposure and both OGE exposures, while
" the second HEWAF exposure focused in more detail on specific as-
pects of cardiotoxicity. The collective suite of oil-associated defects
was indistinguishable between embryos exposed to either IHCO
HEWAF or OGE (Table 1 and Fig. 3). Pericardial edema was obvious
by 48 hpf with exposure to ANSCO (Fig. 3B) and IHCO (Fig. 3C) HE-
WAF preps, as well as [HCO OGE (Fig. 3E; ANSCO OGE not shown).
In both HEWAF and OGE exposures at early but not late time
points, ANSCO caused pectoral finfold defects at a later develop-
mental stage (i.e. 72 hpf, data not shown) as previously observed
(Incardona et al., 2005). In contrast a different type of caudal fin-
fold defect was observed by 48 hpf following IHCO exposure
(Fig. 3C and E). This malformation was observed at an equivalently

high frequency (80%) in both HEWAF and OGE exposures and in-
volved reduced outgrowth of the caudal finfold rays, often with a
notch on either the dorsal or ventral side near the end of the noto-
chord (e.g. Fig. 3E).

We quantified two common types of cardiovascular toxicity
associated with embryonic exposure to crude oil in zebrafish, peri-
cardial edema and intracranial hemorrhage. Both of these effects
occurred at high frequency with both ANSCO and IHCO (Table 1)
and with both types of exposures (HEWAF and OGE). Pericardial
edema was also assessed by measuring the increase in pericardial
area for embryos exposed simultaneously to either ANSCO or IHCO
HEWAFs (50 ppm oil load), and the IHCO OGE (Fig. 4). Although the
pericardial area was significantly increased relative to controls for
all oil-exposed groups {ANOVA P < 0.0001), there was no signifi-
cant difference in the severity of edema between the different
oil-exposed groups (Tukey-Kramer HSD post hoc test). Pericardial
areas were increased by 10.4 £1.3 pum? and 12.5 £ 2,6 pm? in em-
bryos exposed to IHCO HEWAF and OGE, respectively, and by
10.4 + 1.2 pm? in embryos exposed to ANSCO HEWAF, relative to
controls (baseline pericardial areas of 0 + 0.4 and 0 £ 1.2 in HEWAF
and OGE controls, respectively). There was no replicate “tank” ef-
fect on pericardial area detected in a nested ANOVA (P=0.2).

In the second HEWAF exposure (50 ppm mass oil load), we also
characterized the cardiotoxicity of both IHCO and ANSCO in more
detail (Table 2). As described previously for ANSCO and individual
tricyclic PAHs, there were a variety of cardiac function defects that
occurred following exposure to either oil, but these were remark-
ably similar for each in both character and frequency. Embryos
with edema most often had poorly looped hearts, scored as an
inability to view a roughly circular, open atrioventricular canal in
left lateral videos. Both THCO and ANSCO HEWAFs had the same
percentage of edematous embryos with poor looping (63% + 4%
and 63% + 8%, respectively). Embryos with and without poor loop-
ing most often also displayed reduced ventricular contractility, vis-
ible as stiff motion in video clips (Movie S1) and quantified as
reduced fractional shortening, an indicator of systolic contractile
function normalized to the diastolic (relaxed) diameter of the
chambers (Bendig et al., 2006). This effect was specific to the ven-
tricle, which displayed a reduced end-diastolic diameter (indica-
tive of incomplete relaxation), while atrial dimensions and
contractility were not different from controls (Table 2). While ven-
tricles in controls had an average end-diastolic diameter of
82.5 £ 1.5 pm, ventricular diastolic diameters were reduced by 8-
9% in IHCO-exposed (76.0x2.8pum) and ANSCO-exposed
(75.4 + 2.5 um) embryos. A smaller proportion of embryos exposed
to either IHCO (11% = 2%) or ANSCO (19% * 2%) displayed an atrio-
ventricular “toggling” phenotype that appeared to be associated
with blockage of the ventricular outflow tract. These embryos
showed no circulating blood cells, with sequential contractions
leading to forward and retrograde toggling of a bolus of blood cells
between dilated ventricular and atrial chambers (Movie S2). In
these cases, both chambers were demonstrably dilated, with end-
diastolic diameters significantly higher than controls (Table 2).
The higher frequency of this phenotype with ANSCO exposure
was moderately significant (P=0.06), and may be related to the
higher levels of tricyclic PAHs, especially parent compounds
(Table S1).

We also measured heart rates in embryos exposed to ANSCO
and IHCO HEWAFs, and IHCO OGE (Table S2). There was no effect
on heart rate following exposure to HEWAFs of either oil type. Em-
bryos exposed to IHCO OGE during initial column flow (relatively
unweathered) also showed no difference in heart rate from con-
trols, but embryos exposed to extensively weathered OGE at day
53 of column flow showed a significantly reduced heart rate
(bradycardia), at 86% of the control rate (154+3 vs. 1795
beats min~"').
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Fig. 2. PAH compositions of ANSCO and IHCO OGEs at different weathering time points, Values represent exposures for which toxicity data is presented in Table 1, or for (
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Table 1 -
Gross morphological defects in embryos exposed to IHCO or ANSCO.?

Endpoint Control IHCO HEWAF (%) ANSCO HEWAF (%) IHCO OGE day 4 (%) ANSCO OGE day 44 (%) 1HCO OGE day 53 (%)
Pericardial edema 0 63 86 65 34 25
Intracranial hemorrhage 0 38 63 38 18 0
Tail malformation 0 80 0 80 0 0
# Occurrence data were obtained from roughly 100 embryos in each assay, except for IHCO OGE at day 53, N=20.
b Data are for HEWAF1,
—_— 70 =
g
=t
Q
o 50
IR —~ 50 .
< €
= =
0l g .
O G 40+ *
2} = .
Z g
< ' ;
— g 30 4
a
(TS
< [l ks
= § 20 -
0 o
Q e .
I &
10 - . “
0
33}
o e
O
-10

|

| IHCO OGE

Fig. 3. Gross morphological effects of exposure to ANSCO or IHCO. Embryos were
exposed from 4 hpf to 48 hpf and imaged live. (A) Embryo exposed to clean system
water used to make HEWAFs, Embryos exposed to HEWAFs of ANSCO (B) or IHCO
(C). (D) Embryo exposed to clean gravel effluent. (E) Embryc exposed to IHCO oiled
gravel effluent. Images are representative of 40-60 embryos per treatment.
Pericardial edema is indicated by arrows (B, C and E) and intracranial hemorrhage
is indicated by the white arrowhead (E). Scale bars are 100 um,

3.3. Distinct patterns of CYP1A induction associated with different PAH
compositions :

Exposure to both crude oils produced very similar patterns of
CYP1A induction overall, with some key differences. Consistent
with previous studies, there was strong CYP1A immunofluores-
cence in the epidermis after exposure to either HEWAF (Fig, S1)
or OGE (Fig. S2) from both ANSCO and IHCO, while control embryos
showed only weak CYP1A immunofluorescence in the vascular
endothelium (Figs. S1A and S2G). The pattern of epidermal CYP1A
immunofluorescence was indistinguishable for both HEWAF and
OGE exposures, with virtually all cells expressing CYP1A with a
scattering of individual cells with much higher relative signal
(Fig. S1B and C; Fig. S2A~-D). This pattern was similar at both

control - IHCO  ANSCO  control ~ IHCO

HEWAF gravel effluent

Fig. 4. Quantification of pericardial edema in embryos exposed to ANSCO or IHCO
HEWAF, and [HCO OGE. Pericardial area was measured in lateral images of
methylcellulose-mounted embryos, which were a randomly selected subsample (N
is number of embryos measured per treatment). Box-and-whisker plots encompass
the distribution of individual data points, with the mean indicated by the wider
heavy line, the ends of the boxes 25th and 75th quartiles, and the ends of the
whiskers encompassing the upper and lower quartiles + (1.5 x interquartile range).
Data points outside the whiskers are potential outliers, ANOVA showed a significant
effect of oil exposure (P <0.001).

48 hpf (Fig. S2A and B) and 72 hpf (Fig. S2C and D). Exposure to
either ANSCO or IHCO OGE resulted in CYP1A induction in the
endothelium of the trunk vasculature (Fig. S2E and F). These overall
patterns of epidermal and peripheral vascular CYP1A induction did
not change over the course of weathering (data not shown).

In contrast to the similar patterns of epidermal and trunk vascu-
lar CYP1A induction, the pattern of CYP1A induction in the heart
changed over time during weathering of the columns (Fig. 5).
Exposure to either ANSCO or IHCO OGE at early time points (days
14-16 and days 2-4, respectively) where dissolved PAHs were
dominated by parent compounds (Figs. 2B and E) resulted in nei-
ther endocardial nor myocardial CYP1A immunofluorescence at
either 48 or 72 hpf (Fig. 5A, D and E). By day 21 of column flow, AN-
SCO OGE exposure resulted in endocardial but not myocardial
CYP1A induction (data not shown), but by day 35 (data not shown)
and more so by day 42, exposure to ANSCO caused myocardial
CYP1A induction evident at 48 hpf and more strongly at 72 hpf
(Fig. 5B and C, arrowheads), in addition to strong endocardial
CYP1A immunofluorescence at both 48 and 72 hpf (Fig. 5B and C,
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Table 2

Cardiac function in embryos exposed to IHCO or ANSCO HEWAFs from 5 to 48 hpf.
Cardiac measure Control IHCO ANSCO Pvalue?
Edema (occurrence, %) 4+£1 70+4 667 <0.0001
Poor looping (occurrence, %) 6+1 442 40+3 <0.0001
AV “toggle” (occurrence, %) 0 112 19+2 0.0003
Atrial diastolic diameter (um) 847+2.4 95.3+5.2 92,1443 0.3
Atrial systolic diameter (pm) 643120 69.7+32 67.8+25 . 04
Ventricular diastolic diameter (pum) 825+1.5 76.0+2.8 754125 0.05°
Ventricular systolic diameter (pm) 63.9+1.3 66.0+£1.8 634+17 0.5
Atrial contractility (%) 241+1.2 259+23 259+17 0.6
Ventricular contractitity (%) 224+14 12715 155+19 0.0008"
Atrial diastolic diameter (um)© 84.7+24 1243468 123619 0.001
Ventricular diastolic diameter (pm)” 825+15 1229132 140.6 £18.2 0.01

* Occurrence of phenotypes was assessed in 80 embryos for each treatment (4 replicates of 20); cardiac chamber dimensions were obtained from 15 embryos randomly
selected from each of 3 replicates (5 per replicate, 3 replicates randomly selected from the 4 above), Data were analyzed by ANOVA with replicate nested within treatment
to determine the presence of a “tank” effect. P values shown are for effects of oil exposure,

b No effect of replicate (e.g. “tank” effect) in nested ANOVA; ventricular diastolic diameter, P = 0.3; ventricular contractility, P= 0.9,

¢ Chamber dimensions measured in oil-exposed embryos with “toggle” phenotype, obtained from two individuals each for IHCO and ANSCO exposures from the 15
randomly selected for chamber measurements. Measures for both [HCO and ANSCO were pooled into a “toggle phenotype” group for statistical comparison to controls by

a t-test,

arrows). Myocardial CYP1A induction was observed by confocal
microscopy in 5/9 individuals examined for the exposure starting
on day 35, and in 7/7 individuals from the exposure starting on
day 42.

4. Discussion

We previously showed that exposure of zebrafish embryos to
ANSCO produced the same suite of defects whether achieved by HE-
WAF or OGE (Incardona et al., 2005; Carls et al., 2008). Overall, we
observed strikingly similar results here with THCO, with nearly
identical cardiac phenotypes following exposures to HEWAFs of
either oil type. Using both exposure methods, IHCO produced a
developmental toxicity syndrome that largely overlaps that of AN-
SCO, primarily characterized by impacts on the developing heart
that become apparent between 36 and 48 hpfin zebrafish. In partic-
ular, the HEWAF method produced similar PAH compositions from
both crude oils, which caused essentially identical, specific effects
on cardiac function. The second HEWAF preparation produced dis-
solved PAH concentrations that were typical of early weathering,
with higher concentrations of parent over alkylated tricyclic com-
pounds, and both IHCO and ANSCO HEWAFs resulted in reduced
ventricular contractility and nearly identical morphological im-
pacts on the developing heart. Although neither the underlying
mechanism nor the chemical etiology is yet known, both crude oils
also produced a high frequency of intracranial hemorrhage, consis-
tent with transient disruption of vascular stability during a key
phase of vasculogenesis in the developing brain (Liu et al., 2007;
Buchner et al., 2007). Thus the most overt types of toxicity associ-
ated with ANSCO are found in a heavy crude oil of different charac-
ter, indicating considerable overlap in biologically active chemical
components. On the other hand, a distinct chemical component of
IHCO is evident from the high frequency of tail defects observed
as early as 48 hpf, while we did not observe the type of pectoral fin-
fold defects characteristic of ANSCO exposure at 72 hpf. These find-
ings attest to the chemical complexity of crude oils and the need for
a more detailed analysis that includes both an expanded biological
focus as well as characterization of other chemical constituents be-
sides the conventionally measured PAHs. Nevertheless, at lower
concentrations and more prolonged weathering for both oils, fin de-
fects are not observed while pericardial edema persists.

That similar phenotypes are produced by two very different
exposure methods has important implications for the relationship
between crude oil chemical composition and developmental toxic-

ity in fish. HEWAF preparations contain mechanically dispersed oil
droplets, while the effluent of oiled gravel generator columns con-
tain only oil constituents that are soluble in water, The pattern of
CYP1A induction in the epidermis, the tissue in direct contact with
aqueous PAHs or whole oil droplets, was identical between HEWAF
and OGE exposures, strongly suggesting similar toxicokinetics be-
tween the water-soluble components of both preparations. This
is entirely consistent with previous interpretations that whole oil
is not required for toxicity and that toxicity stems solely from com-
pounds that are available by dissolution in water (reviewed by
Carls and Meador, 2009). On a basis of total 3 PAH, it may appear
that the HEWAF preparations are less toxic than OGEs; HEWAFs
showed comparable toxicity at a higher total Y"PAH. This is largely
due to the much higher levels of naphthalenes in the HEWAFs,
whereas each exposure method produced much more comparable
levels of the tricyclic PAHs. Thus, the findings here confirm and ex-
tend conclusions from previous studies that as oil weathers and 2-
ring compounds are depleted, toxicity to fish embryos increases
per unit mass of PAH as the tricyclic compounds begin to dominate
the composition (Carls et al., 1999; Heintz et al., 1999; Carls and
Meador, 2009). On this basis, the HEWAFs and OGE would be ex-
pected to have comparable potency. The comparable effects of HE-
WAFs with and without BTEX (IHCO vs. ANSCO) are also consistent
with other studies demonstrating that toxicity to fish embryos is
derived from less volatile PAHs, with no contribution from BTEX
(Marty et al., 1997).

Despite the overall similarity in toxicity syndrome induced by
ANSCO and IHCO, our findings suggest that, on a more detailed le-
vel, (1) cardiac impacts can arise from multiple mechanisms that
may differentially involve the AHR, and (2) there is a balance of
mechanisms that shift during weathering, dependent on PAH com-
position. This complexity is indicated by the changing influence of
weathering on heart rate impacts, the shifting patterns of CYP1A
induction in cardiac tissues, and specific aspects of cardiac pheno-
types, e.g. the higher frequency of the AV toggling phenotype that
may be associated with higher concentrations of parent tricyclic
PAHs. In an earlier study (Incardona et al., 2005), we assessed the
effects of AHR knockdown in exposure to OGE only up to 7 days
of column flow, which produced a PAH composition dominated
by the more water-soluble parent PAHs (comparable to the day 1
sample used here and the second HEWAF preparations). The stud-
ies here are a direct extension of the 2005 study, because we used
the same gravel, but assessed the OGE at much later stages of
weathering. In the former, CYP1A induction was observed in the
endocardium only, and not the myocardium. In all cases where

EX5061-000008-TRB

L

.




1154 J-H. Jung et al./ Chemosphere 91 (2013) 1146-1155

| CYP1A I

ANSCO

IHCO

myosin [

AN

merge |

<

it jdy gy I Jduy gL i dy gv If ydy gy

dyzgs

Fig. 5. Differential induction of CYP1A in cardiac tissue in fresh IHCO OGE and weathered ANSCO OGE. Embryos were exposed to OGEs from 4 hpf to 48 and 72 hpf, then fixed
and processed for CYP1A (green) and myosin heavy chain {red, marking cardiomyocytes) immunofluorescence. Confocal optical sections show embryos exposed to ANSCO
(A~C) or THCO (D and E), with anterior to left and dorsal at top, Filled arrowheads indicate CYP1A * myocardial cells, smaller arrows indicate CYP1A" endocardial cells (A and
B). Unfilled arrowheads indicate myocardial cells lacking CYP1A immunofluorescence. Exposure time points in terms of weathering were (A) days 14-16, (B and C) days 42-
45, and (D and E) days 1-4. Scale bars are 50 pm. Images are representative of 7-12 embryos examined for each treatment.

individual PAH compounds cause AHR-dependent cardiotoxicity,
we observed that myocardial AHR activation (indicated by CYP1A
induction) is necessary for toxicity (e.g. benz[a]anthracene, retene,
benzo[a]pyrene; Incardona et al., 2006, 2011; Scott et al,, 2011).
Conversely, in these collective studies of twelve different individ-
ual PAHs, we have not observed myocardial CYP1A induction with-
out concomitant defects in heart development. Although we did
not perform knock-down studies with AHR morpholinos, the
observation of myocardial CYPTA induction at both 48 and 72 hpf
in embryos exposed to ANSCO columns after 40 days of weathering
is most likely indicative of pathologically effective AHR activation.
In other words, we have not observed myocardial CYP1A activation
without demonstrable cardiotoxicity, As observed for ANSCO col-
umns during early weathering (here and Incardona et al., 2005),

embryos exposed to IHCO OGE showed marked cardiotoxicity,
but no myocardial AHR activation,

Overall these findings show that two crude oils from distinct
geological sources produce similar syndromes that are dominated
by cardiac dysfunction. However, the weathering state of dissolved
PAHs may determine the predominance of what is likely to be sev-
eral distinct cardiotoxic mechanisms. Our cumulative zebrafish
studies indicate that, irrespective of mechanism, gross cardiotoxic
endpoints based on morphology (e.g. edema, looping) should be
very sensitive for assessing injury thresholds (e.g. ECsos) in marine
species for crude oils from different geographical regions, using
dose-response studies that model either an open-water (HEWAF)
or shoreline (OGE) oil spill. On the other hand, our findings here
suggest that a changing balance of mechanisms with weathering
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will complicate the development of potentially more sensitive
molecular indicators of petroleum cardiotoxicity. Finally, while
there is value in continued comparisons of crude oils from a wider
range of sources, our results also indicate that the large body of
knowledge acquired from the study of ANSCO is applicable to fu-
ture impact assessments for spills involving other sources of crude
oil.
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