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ABSTRACT

Petroleum-derived compounds, including polycyclic aromatic hydrocarbons (PAHs), commonly occur as com-
plex mixtures in the environment. Recent studies using the zebrafish experimental model have shown that
PAHs are toxic to the embryonic cardiovascular system, and that the severity and nature of this developmental
cardiotoxicity varies by individual PAH. In the present study we characterize the toxicity of the relatively higher
molecular weight 5-ring PAHs benzo[a]pyrene (BaP), benzo[e]pyrene (BeP), and benzo[k]fluoranthene (BKkF).
While all three compounds target the cardiovascular system, the underlying role of the ligand-activated aryl
hydrocarbon receptor (AHR2) and the tissue-specific induction of the cytochrome p450 metabolic pathway
(CYP1A) were distinct for each. BaP exposure (40 pM) produced AHR2-dependent bradycardia, pericardial
edema, and myocardial CYP1A immunofluorescence. By contrast, BKF exposure (4-40 uM) caused more severe
pericardial edema, looping defects, and erythrocyte regurgitation through the atrioventricular valve that were
AHR2-independent (i.e., absent myocardial or endocardial CYP1A induction). Lastly, exposure to BeP (40 uM)
yielded a low level of CYP1A+ signal in the vascular endothelium of the head and trunk, without evident toxic
effects on cardiac function or morphogenesis. Combined with earlier work on 3- and 4-ring PAHs, our findings
provide a more complete picture of how individual PAHs may drive the cardiotoxicity of mixtures in which
they predominate. This will improve toxic injury assessments and risk assessments for wild fish populations
that spawn in habitats altered by overlapping petroleum-related human impacts such as oil spills, urban storm-

water runoff, or sediments contaminated by legacy industrial activities.

Published by Elsevier Inc.

Introduction

Polycyclic aromatic hydrocarbons are ubiquitous pollutants derived
from fossil fuels that virtually always occur in complex mixtures. The
most commonly measured PAHs are compounds containing 2 to 6 ben-
zene rings. Mixtures derived from petroleum sources (i.e., petrogenic)
are dominated by compounds with 2 to 4 rings, while mixtures derived
from combustive sources (i.e., pyrogenic) or products such as creosote
or coal tar have proportionally higher concentrations of compounds
with 4 to 6 rings. Consistent with predominantly pyrogenic inputs in
land-based stormwater runoff, aquatic sediments in urbanized areas are
often dominated by 4- to 6-ring compounds (Kimbrough and Dickhut,
2006; Stein et al., 2006). Fish early life history stages are important senti-
nels for PAH toxicity in the environment because fish embryos and larvae
are highly sensitive to PAHs from a variety of sources, including crude oil
spills, creosote wood preservatives, oil sands, and sediments impacted by
urban runoff (Carls et al., 1999; Colavecchia et al., 2004; Couillard, 2002;
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Heintz et al.,, 1999, 2000; Sundberg et al., 2005; Vines et al., 2000). Expo-
sure to petrogenic and pyrogenic PAH mixtures produces toxicity syn-
dromes with overlapping characteristics that primarily involve the
cardiovascular system (Billiard et al.,, 2008; Incardona et al,, 2011). To
better understand the toxicity of complex PAH mixtures, we initiated
a series of studies of individual PAH toxicities using the zebrafish
model (Incardona et al., 2004, 2005, 2006). These previous studies
focused on compounds with 2 rings (naphthalene), 3 rings (fluorene,
dibenzothiophene, phenanthrene, anthracene), and 4 rings (pyrene,
benz[a]anthracene, benz[b]anthracene, chrysene).

Among these compounds, a few lack any overt embryotoxicity in
zebrafish, including naphthalene, anthracene, and chrysene (Incardona
et al., 2004). Others, however, produce distinct functional and morpho-
logical defects at different developmental stages. A major focus in
recent years has been a determination of the role of the aryl hydrocar-
bon (AHR)/cytochrome P4501A (CYP1A) pathway in the toxicity of dif-
ferent PAHs. PAHs induce their own metabolism by activating
transcription of cypla genes through AHR binding (Nebert et al,
2004), but they also have the potential to cause AHR-dependent toxicity
in the same manner as dioxins (Carney et al., 2004). Previous studies
using PAH parent compounds, other naturally occurring PAHs, or
PAH-like model compounds have identified at least three major
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modes of PAH toxicity: AHR-independent effects on cardiac rate and
rhythm (Incardona et al.,, 2004, 2005, 2009), AHR-dependent impacts
on cardiac morphogenesis (Billiard et al., 2006; Clark et al., 2010;
Incardona et al., 2006; Scott et al.,, 2011), and toxicity dependent on
CYP1A metabolism (Incardona et al., 2006). To build on this improved
understanding for lower molecular weight PAHs, in the present study
we investigate modes of toxic action for the 5-ring compounds benzo
[a]pyrene (BaP), benzole|pyrene (BeP), and benzo[k]fluoranthene
(BKF). We used the same approach as in our past studies, testing high
concentrations of PAHs that lead to robust and reproducible toxic effects
in zebrafish embryos. This approach is not intended to be environmen-
tally realistic, but allows detection of toxic mechanisms that could po-
tentially lead to impacts in more sensitive species under field conditions.

BaP, BeP, and BKF are all relatively potent CYP1A inducers in fish
(Barron et al., 2004), and might therefore be expected to cause AHR-
dependent cardiotoxicity similar to that previously described for benz
[a]anthracene (BaA (Incardona et al., 2006)) and retene (Scott et al.,
2011). The AHR pathway is more complicated in fish than in mammals
due to gene and genome duplication (Hahn, 2002). Zebrafish have three
AHR orthologs, AHR1A, AHR1B, and AHR2 (Andreasen et al., 2002a;
Karchner et al,, 2005; Tanguay et al., 1999). Although not yet definitive-
ly determined, these orthologs are likely to subserve tissue- or develop-
mental stage-specific functions. So far, only AHR2 has been found to
play a role in canonical dioxin-like toxicity (Andreasen et al., 2002b;
Henry et al., 1997), which in zebrafish embryos manifests primarily as
defects in late steps of cardiac morphogenesis occurring around 48
hours post fertilization (hpf) (Antkiewicz et al., 2005). BaA cardiotoxi-
city in zebrafish is prevented by morpholino knockdown of AHR2, and
BKF causes cardiotoxicity in Fundulus heteroclitus embryos that is depen-
dent on that species’ AHR2 isoform (Clark et al.,, 2010). As we have
observed for a number of other PAHs, here we describe distinct tissue-
specific patterns of CYP1A induction and toxicity differentially depen-
dent on zebrafish AHR2 for BaP, BeP, and BKF.

Materials and methods

Chemicals.  Benzo[a]pyrene (>99% purity), benzo[e]pyrene (99% pu-
rity), and benzo[k]fluoranthene (98% purity), and MS-222 were
obtained from Sigma-Aldrich, St. Louis, MO. Stock PAH solutions were
made in dimethyl sulfoxide (DMSO, tissue culture grade, Sigma) at
10 mg/ml. Final concentrations of DMSO were 0.1% or lower in expo-
sure medium.

Zebrafish exposures.  Zebrafish wild type AB strain and the Tg(flil-
EGFP) line (Lawson and Weinstein, 2002) were maintained and
spawned as detailed elsewhere (Linbo, 2009). Fish were treated
according to an animal care committee-approved protocol and anesthe-
tized with ~1 mM MS-222 when necessary. Static exposures were car-
ried out in glass 60-mm Petri dishes, with 15-25 embryos in 10 mL.
Depending on the number of morpholino-injected embryos, some as-
says had 15-20 or 20-25 embryos per dish. In initial exposures, each
treatment was performed with two technical replicates. Morpholino
experiments generally used one dish per treatment, and entire experi-
ments were replicated rather than having technical replicates within
treatments. In these studies, individual embryos are the more impor-
tant replicate unit. The small mass of zebrafish embryos (~1 mg wet
weight) would not be expected to influence toxicokinetics at the con-
centrations tested. All exposures used doses above the solubility limit
of the compounds, which is 9 uM for BaP, 25 uM for BeP, and 3 uM for
BKF. Initial tests utilized 40 uM for each BaP, BeP, and BKF, while binary
mixtures included 20 pM of each compound, and the ternary mixture
included 13 pM of each. Previous studies have shown that dose-depen-
dent responses for PAHs can be obtained above a compound's solubility
limit in small volume static exposures, probably due to complex kinetics
between dissolution, adsorption to the vessel wall, and vaporization
(Incardona et al., 2004, 2005, 2006).
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Fig. 1. Differential occurrence of pericardial edema associated with exposure to 5-ring
PAHs. Embryos were exposed to each compound at 40 uM from 4 to 48 hpf, then imaged
and scored for pericardial edema. Binary and tertiary mixtures included 20 pM and
13.3uM each compound, respectively (40 uM total PAH). Representative images are
shown for control (DMSO-exposed, A), BaP (B), BeP (C), and BKF (D). (E) Increased peri-
cardial area (mean + s.e.m.) was quantified as described in Materials and methods from
images of at least 15 embryos per treatment group. Letters A, B, C indicate statistically sim-
ilar groups determined by Dunnett's Method (a=0.05). Intracranial hemorrhage indicat-
ed by arrow in (B). Scale bar is 200 pm.

Morpholino injections.  Morpholino oligonucleotides (GeneTools,
Philomath, OR) included translation-blocking morpholinos targeting
zebrafish AHR2 (5’-TGTACCGATACCCGCCGACATGGTT-3’, ahr2-MO),
CYP1A (5’-TGGATACTTTCCAGTTCTCAGCTCT-3/, cypla-MO) (Teraoka
et al., 2003), and negative control morpholinos included mismatched
oligonucleotide for AHR2 (5’-TGaACCcATACCCGCCGtCATcGTT-3’,
4Mis-ahr2-MO) and a generic “standard control” (5’-CCTCTT
ACCTCAGTTACAATTTATA-3’, std-MO). Embryos were injected at
the 1-4 cell stage (0.25-1 hpf) with a maximum volume of 4 nL
morpholino solution (100 uM) using a PLI90 Picoinjector (Harvard

Table 1

Effects of BaP and BKF on cardiac function at 48 hpf.
Cardiac parameter DMSO BaP BKF
Heart rate (beats/min) 128 +2 120+ 3* 93 42"
Atrial diameter (pm) 841420 829+35 996456
Atrial fractional shortening (%) 21.7+£21 237415 273413
Atrial stroke volume (mm?> x 10~ 3) 26+03 ND 45405
Atrial ejection fraction (%) 458+3.6 ND 459431
Ventricular diameter (um) 871418 851+£29 923455
Ventricular fractional shortening (%) 229419 195+1.7 231424
Ventricular stroke volume (mm®x1072) 3.0+0.5 ND 28402
Ventricular ejection fraction (%) 471415 ND 50444.0
Cardiac output (mm?>/min) 0.36 ND 0.28

Values are mean + s.e.m.; N=12 for heart rate, N=10 for all other measures.
*Statistically different from DMSO at p<0.05, Dunnett's Method post-hoc to one-way
ANOVA.
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Fig. 2. Tissue-specific CYP1A induction following exposure to BaP, BeP, or BKF. Embryos expressing fli1-GFP were exposed to BaP (A-C), BeP (D-F) or BKF (G-I) from 4 to 72 hpf, fixed and
processed for CYP1A and GFP immunofluorescence as described in the Materials and methods. Lateral confocal stack projection views of the head region are shown with CYP1A immu-
nofluorescence in grayscale (A, D, G). Confocal optical sections of trunk are shown in B, C, E, F, H, and I, with CYP1A in red and vascular (flil-driven) GFP in green. Co-localization of CYP1A
in GFP™ vascular endothelial cells is seen as yellow. Inset (C) shows CYP1A immunofluorescence in liver bud. df, dorsal finfold; vf, ventral finfold. Scale bars are 200 um (A-1) and 50 um

(inset, C).

Apparatus, Holliston, MA). Injection volume was calculated after
measuring the diameter of a droplet injected into heavy oil. Injected
embryos were allowed to recover in system water at 28.5 °C to 50%
epiboly (5-6 h) before use in exposure studies. For fluorescein- or
rhodamine-conjugated morpholinos (cypla-MO and std-MO), em-
bryos were selected for use in exposures on an epifluorescent ste-
reoscope based on fluorescence intensity and an even distribution
in blastomeres. Based on assessment of tagged morpholinos, injec-
tion efficiencies were determined to be >95%. Therefore, the
number of embryos unsuccessfully injected with the untagged
ahr2-MO would have little impact to the overall assay. This was
confirmed by positive control experiments with BaA.

Imaging of live embryos/larvae and measurements of cardiac function.

Digital still micrographs were obtained and videomicroscopy of live
embryos and larvae performed as described previously (Incardona
et al., 2004, 2006). Image ] (http://rsbweb.nih.gov/ij/) was used for
all measurements except heart rate, which was counted in
unanesthetized animals over a 15-s interval. To quantify the degree
of pericardial edema, lateral images were obtained for at least 14 em-
bryos or larvae mounted in 3% methylcellulose, and the pericardial
area measured in pixels by tracing the boundaries of the pericardial
space. Pixel area was converted to um? based on the calibrated mag-
nification. To obtain an “edema area”, the mean area in uninjected
DMSO-exposed control embryos (i.e. no edema) was subtracted
from individual measurements to give an estimate of the degree of
pericardial edema (i.e. increase of pericardial area above control).
Contractility was assessed by measuring fractional shortening, an in-
dicator of systolic contractility normalized to chamber diameter
(Bendig et al., 2006). End-diastolic and end-systolic diameters of the
atrium were measured in digital video frames, and fractional shortening
calculated as (end-diastolic diameter) — (end-systolic diameter)/(end-
diastolic diameter) *100. For stroke volume, the end-diastolic and end-

systolic perimeters of each chamber were traced and the major and
minor axes extracted and used to calculate the chamber volume with
the formula for a prolate spheroid (4/3m*a*b?) (Kopp et al., 2005).
After converting from pixels to mm?>, stroke volume was calculated
as end-diastolic volume—end-systolic volume, ejection fraction as
stroke volume/end-diastolic volume, and cardiac output as stroke
volume * heart rate.

Immunofluorescence and confocal microscopy.  Antibodies used for
immunofluorescence were anti-fish CYP1A mouse monoclonal C10-
7 (Myers et al., 1993) (Cayman Chemical, Ann Arbor, MI), anti-myo-
sin heavy chain monoclonal MF20 (Bader et al, 1982)
(Developmental Studies Hybridoma Bank, University of lowa), and
AlexaFluor488-conjugated monoclonal anti-GFP  (Invitrogen).
Embryos were fixed 3 h to overnight in 4% phosphate-buffered para-
formaldehyde, and processed for immunofluorescence as described
previously (Incardona et al., 2004, 2005). Secondary antibodies
(Invitrogen-Molecular Probes, Eugene, OR) were AlexaFluor488- or
AlexaFluor568-conjugated goat-anti-mouse IgG3 (mAb C10-7) and
AlexaFluor568-conjugated goat anti-mouse IgG2b (MF20). Immuno-
labeled embryos were mounted in 3% methylcellulose and imaged
using a Zeiss LSM 5 Pascal confocal system with Ar and HeNe lasers.

Statistical analysis.  Statistics were performed with JMP 6.0.2 for Mac-
intosh (SAS Institute, Cary, NC). For heart measures (edema and func-
tional parameters), each dataset was analyzed by 1-way ANOVA with
treatment as the independent variable. If the ANOVA showed a signifi-
cant effect of treatment (p<0.05), treatment group means were com-
pared in post-hoc tests with either Dunnett's Method or Tukey-
Kramer Honestly Significant Differences test (a=0.05). Effects of
morpholino injection were determined by including both uninjected
and control-MO injected groups in the statistical analysis.
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Fig. 3. Exposure to BaP but not BKF results in myocardial and endocardial CYP1A induction.
Embryos expressing fli1-GFP were exposed to BaP (A-C), or BKF (D-F) from 4 to 72 hpf,
fixed and processed for CYP1A (A, D; red) and GFP (B, E; green) immunofluorescence as
described in the Materials and methods. Arrowheads and arrows indicate CYP1A™ myocar-
dial cells and endocardial cells, respectively. Co-localization of CYP1A and GFP is seen as
yellow in the merged image. Dashed line marks the outline of the myocardium in the
BkF-exposed embryo. Scale bar is 50 pm.

Results

Benzo[a]pyrene and benzo[k]fluoranthene exposure results in distinct
cardiac defects

After incubation through 48 hpf, pericardial edema was observed in
an average of 384+4% (+s.e.m., N=41, 2 replicates) of embryos
exposed to 40 UM BaP and 84+ 11% (N=42, 2 replicates) of embryos
exposed to 40 uM BKF. Embryos exposed to BeP appeared no different
than controls. The severity of pericardial edema associated with expo-
sure to each compound was quantified by measuring the pericardial
area in lateral images (Fig. 1). In general, BKF exposure resulted in
more severe edema, a greater reduction in cardiac function, and more
severe impacts on late stages of cardiac morphogenesis. By 48 hpf, ap-
proximately 10% of BkF-exposed embryos had severe looping defects,
and a third showed regurgitation of erythrocytes through the atrioven-
tricular valve (Movie S1). In contrast, BaP-exposed embryos showed
only mild looping defects and no regurgitation. Measurement of several
cardiac functional parameters also indicated that the effects of BaP and
BKF were distinct (Table 1). At 48 hpf BaP-exposed embryos showed a
mild but statistically significant bradycardia (120 beats/min vs. 128 in
controls, p=0.03; ANOVA and Dunnett's post-hoc), while BkF-exposed
embryos showed a more severe bradycardia (93 beats/min, p<0.0001).

Measurement of chamber dimensions showed that the atrial chambers
were dilated in BkF-exposed embryos, with a mean diameter of 99.6 4
5.6 um compared to controls at 84.142.0 um (p=0.02; ANOVA and
Dunnett's post-hoc). A quantitative analysis of contractility showed an
elevation of atrial fractional shortening from 21.7 4 2.1% in controls to
27.3+1.3% (p=0.04; ANOVA and Dunnett's post-hoc) in BkF-exposed
embryos, but no change in ejection fraction. The stroke volume was
elevated from 0.0026 mm? to 0.0045 mm? in BkF-exposed embryos.
There were no significant differences in ventricular diameter or con-
tractility between either BaP- or BkF-exposed embryos and controls.
Because the ventricular stroke volume was the same in BkF-exposed
embryos and controls, BkF-induced bradycardia resulted in a 22%
reduction of cardiac output. Embryos exposed to either BaP or BKF but
not BeP frequently had intracranial hemorrhages (e.g., arrow in
Fig. 1B), but this was not quantified. The toxicity of the mixtures was
not significantly different than individual compounds. However, the
mixtures included either 20 uM or 13 uM of each compound in binary
or ternary combinations, respectively, and a simple additive toxicity
model would predict a severity of edema intermediate to BaP or BKF
alone.

Benzo[a]pyrene, benzo[e]pyrene, and benzo[k]fluoranthene induce
CYP1A in distinct tissue-specific patterns

Because all three PAHs are known to have AHR binding activity, we
assessed the distribution of CYP1A induction after exposure to relate tis-
sue-specific AHR activation to toxic effects. BaP, BeP, and BKF exposures
each resulted in a distinct pattern of CYP1A induction that partially over-
lapped (Fig. 2). BaP exposure resulted in CYP1A immunofluorescence
throughout the epidermis (apparent on the head, Fig. 2A, and dorsal fin-
fold, Fig. 2B) and vascular endothelium of the head and trunk (Fig. 2A-C).
The level of CYP1A signal in the epidermis was relatively low, allowing
the visualization of vascular CYP1A through the epidermis. BaP exposure
also resulted in the induction of CYP1A immunofluorescence in the uri-
nary pore and liver bud (Fig. 2C, inset). BeP exposure resulted in a
lower level of CYP1A immunofluorescence in the vascular endothelium
of the head and trunk, with induction in a few epidermal cells scattered
over the eye (Fig. 2D-F). In striking contrast to BaP and BeP, exposure to
BKF resulted in a very strong induction of CYP1A immunofluorescence in
the epidermis only (Fig. 2G-I). Optical sections showed robust detection
of the flilGFP endothelial marker and the absence of vascular endothelial
CYP1A (Fig. 2H, I). Examination of at least 20 embryos showed that there
was a very weak vascular CYP1A signal in about 10% of BkF-exposed
embryos (see below), while all showed strong epidermal induction.

A close examination of the heart also showed marked differences
between BaP and BKF (Fig. 3). BaP exposure induced CYP1A immunoflu-
orescence in both the endocardium (Fig. 3A, arrows) and in a subset of
myocardial cells (Fig. 3A, arrowheads). Consistent with the absence of
vascular endothelial CYP1A induction in response to BKF treatment,
CYP1A immunofluorescence was generally absent in endocardial cells,
but was also absent in the myocardium (Fig. 3B). About 1 in 10 BkF-
exposed embryos showed weak endocardial CYP1A induction (e.g.,
Fig. 5).

Cardiac toxicity of benzo[a]pyrene but not benzo[k]fluoranthene is AHR2-
dependent

The severity of pericardial edema at 48 hpf was used to determine
whether knockdown of the AHR2 isoform modulates the toxicity of
BaP and BKF. Consistent with previous studies, injection of either the
standard control morpholino (std-MO) or ahr2 morpholino (ahr2-MO)
followed by exposure to solvent (DMSO) did not result in a significant
increase in pericardial edema (Fig. 4A). As a positive control, embryos
injected with either std-MO or ahr2-MO were exposed to BaA, which
has been previously shown to produce AHR2-dependent pericardial
edema (Incardona et al., 2006). In this case ahr2 morphants exposed to
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Fig. 4. Effects of AHR2 knockdown on PAH toxicity and tissue-specific patterns of CYP1A induction. Uninjected embryos or embryos injected with control or ahr2 MOs were exposed to
(A) indicated PAHs or DMSO alone or (B) BKF or DMSO alone from 4 to 48 hpf and pericardial area was measured in lateral images as described in the Materials and methods. Data were
derived from 17 to 25 embryos per treatment group, with values for BaA and BaP pooled from two experiments, and values for BKF from a one of three experiments (see text). Control-MO
was standard-MO for BaA and BaP, and 4-misAhr2-MO for BKF. Data were analyzed by one-way ANOVA (p<0.0001) with post-hoc means comparisons using Tukey-Kramer HSD test
(alpha=0.05). Letters (A, B, C) indicate statistically similar groups in post-hoc tests. (C-H) Representative lateral confocal stack projections showing CYP1A immunofluorescence in
the trunk region, with anterior at left and dorsal at top. (C) Standard control-MO-injected exposed to DMSO, (D) uninjected exposed to BaP, (E) ahr2-MO-injected exposed to BaP,
(F) uninjected exposed to BKF, (G) standard control-MO-injected exposed to BKF, (H) ahr2-MO-injected exposed to BKF.

BAA had an average pericardial area indistinguishable from DMSO-
exposed controls, while the std-MO had no effect on BAA-induced peri-
cardial edema (Fig. 4A). In contrast, AHR2 knockdown only partially pro-
tected from BaP toxicity (Fig. 4A). Although ahr2 morphants exposed to
BaP had a significant reduction in edema compared to std-MO-injected
embryos exposed to BaP, they retained a measurable degree of edema
that was not significantly lower than uninjected BaP-exposed embryos.
In contrast to BaA and BaP, edema associated with BKF exposure was
completely resistant to AHR2 knockdown (Fig. 4B). In three experi-
ments, BKF-exposed ahr2 morphants had no significant reduction in
edema compared to uninjected BkF-exposed embryos, but embryos
injected with standard control morpholino had an increased sensitivity
to BKF, showing much more severe edema (see below, Fig. 6). Therefore,
we assessed BKF dependency on AHR2 function in a fourth experiment
using the ahr2 mismatch control morpholino (Fig. 4B). In this case,
embryos injected with the ahr2 mismatch control morpholino had a
similar response to BKF exposure as uninjected embryos (Fig. 4B), and
again, there was no effect of AHR2 knockdown.

We examined the distribution of CYP1A immunofluorescence after
AHR2 knockdown (Fig. 4C-H). Control embryos exposed to DMSO
showed low levels of CYP1A immunofluorescence in the vasculature
(Fig. 4C). As we observed previously with some other PAHs, AHR2

knockdown resulted primarily in loss of epidermal but not vascular
CYP1A induction in embryos exposed to either BaP or BKF (Fig. 4D, E
and F, H). Although embryos injected with standard control morpholino
were more sensitive to BKF toxicity, there was no effect on CYP1A induc-
tion (Fig. 4G). Consistent with partial protection from BaP cardiotoxicity,
AHR2 knockdown resulted in a loss of myocardial CYP1A immunofluo-
rescence, while CYP1A+ endocardial cells were still detected (Fig. 5A,
B). AHR2 knockdown markedly reduced the epidermal induction of
CYP1A by BKF, but did not influence the variable endocardial CYP1A in-
duction observed in BkF-exposed embryos (Fig. 5C, D).

We explored a potential role for AHR2 in BKF toxicity further by test-
ing the sensitivity of lower BKF doses to modulation by AHR2 knock-
down. In addition, we tested whether CYP1A is protective of or
contributes to BKF toxicity. Uninjected embryos or embryos injected
with standard control, ahr2, or cypla morpholinos were exposed
to BKF at concentrations ranging from 4 to 40 uM (Fig. 6). Although
there was no significant difference from uninjected controls in the
severity of edema for ahr2 morphants at any dose, the severity of
edema was significantly higher for cypla morphants at each dose
except the highest. Embryos injected with the standard control
morpholino were more sensitive to BKF exposure, showing an in-
creased severity of edema.
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Fig. 5. Prevention of BaP cardiotoxicity by AHR2 knockdown also reduces myocardial
CYP1A induction. Wild type embryos were injected with morpholinos then exposed
to BaP or BKF from 4 to 48 hpf, fixed and processed for CYP1A (green) and myosin
heavy chain (red) immunofluorescence as described in the Materials and methods.
Left panels show CYP1A and right panels show CYP1A/myosin heavy chain merged
image, with co-localization appearing yellow. (A, A’) CYP1A immunofluorescence in
the myocardium (filled arrowheads) and endocardium (arrows) of an embryo injected
with standard control morpholino and exposed to BaP. (B, B’) CYP1A-negative myocar-
dium (unfilled arrowheads) and weakly positive endocardial CYP1A (arrows) in an
ahr2 morphant exposed to BaP. (C, C') CYP1A-negative myocardium (unfilled arrow-
heads), weakly positive endocardial CYP1A (arrows), and strongly positive epidermal
CYP1A (asterisk) in an embryo injected with standard control morpholino and exposed
to BKF. (D, D') CYP1A-negative myocardium (unfilled arrowheads) and weakly positive
endocardial CYP1A (arrows) in an ahr2 morphant exposed to BKF.

Discussion

While we have not tested PAH compounds at environmentally typi-
cal concentrations, our goal was to use a screening approach in zebrafish
to identify potential pathways by which these compounds may affect
early life history stages of fish. Past studies on low molecular weight
(3-ring) PAHs demonstrate how this screening approach provided
insight into the mechanisms underlying the toxicity of very low concen-
trations of crude oil in zebrafish (Hicken et al., 2011; Incardona et al.,
2004, 2005), as well as non-model species of ecological importance
(Incardona et al., 2009). The findings presented here provide further
evidence that individual PAH compounds have the capacity to act
through distinct toxic mechanisms, even among the subgroup that target
the cardiovascular system. Most high molecular weight PAH compounds
are relatively strong AHR ligands, and are assumed to act in an AHR-
dependent manner. This includes, for example, the 4-ring compound
benz[aJanthracene (BaA). Similar to dioxin (TCDD: (Antkiewicz et al.,
2005), BaA has no effect on heart rate, produces morphological defects
(reduced ventricular cardiomyocyte proliferation) relatively late in
embryonic stages of heart development, and activates AHR strongly in
embryonic ventricular myocardium (as measured by CYP1A induction).
Each of these effects are completely prevented by AHR2 knockdown
(Incardona et al.,, 2006). At lower concentrations than we used here
(e.g., 0.04-0.4 LM), BaP alone did not cause pericardial edema or other
cardiac defects in either zebrafish or Fundulus heteroclitus embryos, but
pharmacological inhibition of CYP1A markedly increased the occurrence
of BaP-induced cardiac defects in both species (Matson et al., 2008; Wills
et al,, 2009). In many respects, BaP (at higher concentrations) acts in a
manner similar to BaA in zebrafish embryos. Although both BaA and
BaP are predicted to have similar potency as AHR agonists (Barron et
al., 2004), BaP was less potent than BaA in terms of causing cardiac
defects and inducing myocardial CYP1A in zebrafish embryos. BaP also
acts somewhat differently than BaA in that it caused a slight bradycardia,
and protection provided by AHR2 knockdown was not as robust. Never-
theless, the primary mode of action for BaP in zebrafish embryos is
AHR2-dependent cardiotoxicity. The differences between the very strict
AHR2-dependency of BaA and the partial dependency observed with
BaP could reflect differences in the role of metabolism or specific metab-
olites in BaP cardiotoxicity. If BaP metabolites contributed to toxicity, it
is possible that some toxicity is retained in ahr2 morphants due to the
refractory CYP1A induction, or other CYP1 family members that are
AHR2 targets (e.g. CYP1B and CYP1C isoforms (Jonsson et al., 2007)).
Similarly, zebrafish embryos express a higher basal level of CYP1D1
that most likely has the ability to metabolize BaP (Goldstone et al.,
2009). Future studies should focus on these additional enzymes, but
would require more complicated multiple knockdown experiments.

The toxicity of BKF is more complicated. In Fundulus heteroclitus
embryos, BKF produced cardiac defects at 1.2 uM that were prevented
by knockdown of the Fundulus AHR2 ortholog, but not by knockdown
of the AHR1 ortholog (Clark et al., 2010). However, cardiac dysfunction
or dysmorphogenesis were not described in this recent study, nor was
there an assessment of the tissue specificity of AHR activation. Our find-
ings indicate a different mode of action for BkF-induced cardiotoxicity in
zebrafish embryos that is unlike any other PAH studied in the zebrafish
model to date. Specifically, BKF causes cardiac dysfunction without myo-
cardial AHR activation that is measurable by CYP1A induction, and with-
out consistent endocardial CYP1A induction. Moreover, BkF-induced
cardiotoxicity is not modulated significantly by AHR2 knockdown.
Although CYP1A appears to be partially protective for BKF toxicity, as
is the case for BaP, future studies could focus on a role for metabolites
generated by other CYP family members. For example, it is conceivable
that loss of CYP1A activity could provide more substrate for other CYP
family members to produce toxic metabolites.

So far, three PAH compounds have been identified that cause true
dioxin-like, AHR2-dependent cardiotoxicity in zebrafish: BaA, BaP, and
retene. For each compound, cardiac defects are associated with
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Fig. 6. BKF cardiotoxicity is AHR2- and CYP1A-independent across a range of doses. Uninjected embryos and embryos injected with the indicated morpholinos were exposed to BKF at
4-40 pM to 48 hpf, and then pericardial edema was quantified as increased pericardial area in lateral images. Data represent a single experiment with 14 or 15 embryos per treatment
group (mean + s.e.m.). Asterisks indicate treatment groups significantly different from uninjected controls as described in the text (ANOVA with Tukey-Kramer HSD (o = 0.05).

myocardial AHR activation (indicated by CYP1A induction), which is sim-
ply blocked by AHR2 knockdown, restoring normal cardiac morphogene-
sis (Incardona et al., 2006; Scott et al., 2011). By contrast, it is difficult to
reconcile the pattern of CYP1A induction resulting from BKF exposure, the
effects of AHR2 knockdown on that pattern, and the impacts of BKF expo-
sure on heart function. Consistent with predictions based on AHR agonist
activity in cell lines (Barron et al., 2004 ), BKF is a strong inducer in zebra-
fish, causing qualitatively much higher levels of AHR2-dependent epider-
mal CYP1A immunofluorescence than BaP. If BKF acts directly on the
myocardium to reduce heart rate and cause atrial dilation, it does so with-
out evidence of AHR activation in target cardiac cells. It is possible that
BKF acts on myocardial cells through one of the other zebrafish AHR
orthologs (AHR1A and AHR1B), independent of CYP1A induction. This
is highly unlikely, as cyp1a is consistently the most highly induced gene
following AHR activation (Alexeyenko et al., 2010; Carney et al., 2006).
There is no simple mechanism to explain how BKF could induce CYP1A
in an AHR2-dependent manner in epidermal cells, but fail to
induce CYP1A in myocardial cells.

An alternative explanation is that cardiac toxicity in BkF-exposed
embryos is a result of a metabolite of BKF, or another metabolic alter-
ation resulting from BKF exposure. BKF toxicity was moderately
increased by CYP1A knockdown, which could indicate either that the
parent compound causes toxicity, or that more parent compound is
accessible to another metabolic pathway. The interaction between BkF
and the standard control morpholino is unusual and also could impli-
cate a metabolic mechanism. The standard control morpholino targets
a splice site in the human 3-globin gene, has no antisense activity in
zebrafish cells, and was selected for its absence of off-target biological
activity or toxicity (Lacerra et al., 2000) (http://www.gene-tools.com/
node/23#standardcontrols). Some morpholinos have been shown to
produce off-target toxicity causing apoptotic cell death through the
p53 pathway (Robu et al.,, 2007). We have used the standard control
morpholino with several other PAHs, and have not observed a similarly
increased sensitivity to PAH toxicity (Incardona et al.,, 2006). There are
no similar published findings that may suggest a plausible hypothesis
underlying this effect. A BLAST search against the current zebrafish
genome database with this sequence reveals only two anonymous
sequences that have a partial (19 base pair) overlap with the morpholino
target sequence. Therefore, the control morpholino cannot be targeting a
known member of the AHR or cytochrome P450 family. The observed
synergism cannot be due to a general metabolic property of morpholinos,
because the effect was sequence-specific, i.e. did not occur with either the
ahr2-specific negative control morpholino, or the ahr2 antisense
morpholino.

The PAH compositions derived from non-point sources such as
stormwater runoff are complex and typically reflect a mixture of com-
bustive and petrogenic sources (Hwang and Foster, 2006; Stein et al.,

2006). Comparison of dissolved-phase and particulate-associated PAHs
usually shows a predominance of 2- and 3-ring compounds in the dis-
solved phase, with a predominance of 4-, 5-, and 6-ring compounds in
the particulate fraction. While the bulk of larger particle-associated
PAHs may not be bioavailable to organisms such as fish embryos that
are primarily impacted by dissolved PAHs (Carls et al., 2008), a key ques-
tion is how lower concentrations of compounds such as BaP and BkF
might modify the toxicity of a mixture that is otherwise predominantly
petrogenic. Because CYP1A induction is primarily protective against pet-
rogenic PAH toxicity (Hicken et al., 2011; Incardona et al., 2005), the
presence of low concentrations of potent CYP1A inducers could poten-
tially reduce the effects of 3-ring compounds in a mixture. Alternatively,
if CYP1A metabolic capacity was already overwhelmed by higher con-
centrations of low molecular weight PAHs (which occurs at about
10 pg/L in zebrafish; (Hicken et al., 2011), the high molecular weight
compounds may produce additive or greater-than-additive (i.e., syner-
gistic) impacts on cardiac function and morphogenesis. The finding
that the various mixtures of BeP, BaP, and BKF did not produce interme-
diate levels of toxicity suggests that there may be more complicated in-
teractions between these compounds, which should be examined in
more detailed studies.

In conclusion, these findings refine and extend our understanding of
how individual PAHs cause developmental toxicity via a diversity of tox-
icokinetic and toxicodynamic processes. This understanding is critical
for assessing the combinatorial toxicity of PAH mixtures in aquatic hab-
itats, both within and between petrogenic and pyrogenic sources. There
are numerous implications for improving environmental assessment in
PAH-contaminated environments. This includes, for example, future as-
sessments of oil spill impacts (primarily petrogenic PAH mixtures) in
riverine, estuarine, or coastal marine habitats where inputs from urban
stormwater runoff (primarily pyrogenic mixtures) are common. A
long-term goal of this work is to develop mechanism-based markers of
the biological effects of complex PAH mixtures in sensitive early life his-
tory stages of fish. This goal is dependent on a detailed understanding of
the various pathways through which PAH toxicity converges on the de-
veloping fish heart. Although the results of our zebrafish screening
approach with high concentrations of single compounds may not be
environmentally relevant, they shed light on pathways (e.g. AHR-
dependent and novel AHR-independent) for which gene expression
markers can be developed and tested with real-world mixtures. These
types of mechanistic analyses using the zebrafish model will ultimately
inform the development of a new generation of biomarkers that will be
diagnostic of different types of PAH exposures in fish spawning habitats
and, at the same time, phenotypically anchored to cardiac performance,
heart and vascular development, and fish survival.

Supplementary material related to this article can be found online
at doi:10.1016/j.taap.2011.09.010.
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