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Abstract

Polycyclic aromatic hydrocarbons (PAHs) derived from fossil fuels are ubiquitous contaminants and occur in aquatic habitats as highly variable
and complex mixtures of compounds containing 2 to 6 rings. For aquatic species, PAHs are generally accepted as acting through either of two
modes of action: (1) “dioxin-like” toxicity mediated by activation of the aryl hydrocarbon receptor (AHR), which controls a battery of genes
involved in PAH metabolism, such as cytochrome P4501A (CYP1A) and (2) “nonpolar narcosis”, in which tissue uptake is dependent solely on
hydrophobicity and toxicity is mediated through non-specific partitioning into lipid bilayers. As part of a systematic analysis of mechanisms of
PAH developmental toxicity in zebrafish, we show here that three tetracyclic PAHs (pyrene, chrysene, and benz[a]anthracene) activate the AHR
pathway tissue-specifically to induce distinct patterns of CYP1A expression. Using morpholino knockdown of ahrla, ahr2, and cypla, we show
that distinct embryolarval syndromes induced by exposure to two of these compounds are differentially dependent on tissue-specific activation of
AHR isoforms or metabolism by CYP1A. Exposure of embryos with and without circulation (silent heart morphants) resulted in dramatically
different patterns of CYP1A induction, with circulation required to deliver some compounds to internal tissues. Therefore, biological effects of
PAHs cannot be predicted simply by quantitative measures of AHR activity or a compound’s hydrophobicity. These results indicate that current
models of PAH toxicity in fish are greatly oversimplified and that individual PAHs are pharmacologically active compounds with distinct and
specific cellular targets.
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Introduction

Complex mixtures of PAHs derived from fossil fuels and their
combustion are signatures of industrialization and urbanization,
and they contribute to both air and water pollution. Despite
declines in PAH levels in urban watersheds late in the last
century, new increases in aquatic PAH accumulation over the
last decade have been detected and are associated with increased
use of motor vehicles (Van Metre et al., 2000; Lima et al., 2002;
Partridge et al., 2005). Stormwater runoff and atmospheric
deposition are now the largest sources of aquatic PAH
contamination (Van Metre et al., 2000; Lima et al., 2002;
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National Research Council, 2003; Van Metre and Mabhler, 2003;
Li and Daler, 2004), and this is expected to increase with
continued coastal development. A full appreciation of the
impacts of urbanization and non-point source pollution on key
marine and aquatic resources requires a more detailed under-
standing of mechanisms of PAH toxicity. Such an understanding
is crucial because there is scant experimental support for current
PAH toxicity models that could be used to establish water or
sediment quality guidelines for regulating PAH levels and
protecting sensitive aquatic life (Di Toro et al., 2000; French-
McCay, 2002; U.S. EPA, 2003; Barron et al., 2004a; Barron
et al., 2004b; French-McCay, 2004).

A wide range of studies indicate that fish embryos and larvae
are highly sensitive to PAH mixtures from a variety of sources,
including crude oil spills, creosote wood preservatives, oil
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sands, and sediments impacted by urbanization (Carls et al.,
1999; Heintz et al., 1999; Heintz et al., 2000; Vines et al., 2000;
Couillard, 2002; Colavecchia et al., 2004; Sundberg et al.,
2005). However, the composition of PAH mixtures can vary
considerably depending on the relative contributions from
petrogenic (e.g. oil spills) or pyrogenic (i.e. combustive)
sources. In general, petroleum products are enriched with low
molecular weight PAHs containing two or three rings, while
fuel combustion products contain a higher percentage and
variety of high molecular weight compounds with four rings
and greater. There is a long-held view that PAHs containing 2—4
rings, with their simple carbon—hydrogen structure and lack of
functional groups, have no specific toxicity and act acutely
through general disruption of membranes or “narcosis”. This is
based on a linear relationship between the lethal concentrations
of PAH killing 50% of test organisms (LCsp) and hydro-
phobicity expressed as the log octanol—water partition coeffi-
cient (K,y) (Di Toro et al., 2000), similar to classical studies
relating anesthetic potency to hydrophobicity. Models describ-
ing this relationship assume that organisms take up hydrophobic
compounds passively into a single compartment following first
order kinetics (Mackay, 1982; Mackay et al., 1992a; McCarty
et al., 1992). Similarly, they predict a trade-off between water
solubility and K, where compounds with log K, >5.6 would
be non-toxic due to insufficient bioavailability (French-McCay,
2002).

On the other hand, the high molecular weight PAHs include
many compounds that are relatively strong agonists of the AHR,
while low molecular weight PAHs are poor AHR agonists. The
AHR is a ligand-activated basic-helix-loop-helix-Per-Arnt-Sim
(bHLH-PAS) family transcription factor that controls the
expression of a battery of genes encoding enzymes that convert
PAHs to water-soluble derivates that are excreted, including
mixed function oxygenases such as CYP1A family members
(Schmidt and Bradfield, 1996; Nebert et al., 2004). Due to the
production of reactive intermediates by CYP1A, many high
molecular weight PAHs are carcinogenic, and it is widely held
that PAH toxicity is mediated through this metabolic pathway.
However, the contributions of AHR activation to the develop-
mental toxicity of complex PAH mixtures are not clearly
defined. To gain insight into the effects of complex PAH
mixtures on fish early life history stages, we are carrying out a
systematic analysis of the developmental toxicity of individual
PAH compounds in zebrafish (Danio rerio).

As a consequence of the Exxon Valdez oil spill, weathered
Alaska North Slope (ANS) crude oil is one of the most
intensively studied complex PAH mixtures. Exposure of fish
embryos to weathered ANS oil and similar PAH mixtures causes
a syndrome of pericardial and yolk sac edema, reduced
craniofacial structures, and body axis defects (Marty et al.,
1997; Carls et al., 1999; Heintz et al., 1999; Couillard, 2002;
Pollino and Holdway, 2002; Incardona et al., 2005). Many of
these defects are induced by exposure to the individual tricyclic
AHs representing the most abundant classes in weathered ANS
oil and are secondary to impacts on embryonic cardiac function
that are coincident with development of the cardiac conduction
system (Incardona et al., 2004; Incardona et al., 2005; Milan

et al., 2006). Phenanthrenes, fluorenes and dibenzothiophenes
cause embryonic cardiac dysfunction in an AHR- and CYP1A-
independent manner, probably by targeting cardiac ion channels
(Incardona et al., 2004; Incardona et al., 2005).

Exposure of fish embryos to highly potent AHR ligands such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induces a
superficially similar syndrome marked by pericardial and yolk
sac edema, vascular dysfunction, and defects in heart develop-
ment (Peterson et al., 1993). However, dioxins are distinct from
PAHs in that they are not metabolized by CYP1A and therefore
have the ability to bioaccumulate and persistently activate the
AHR pathway. In zebrafish, a brief exposure to TCDD shortly
after fertilization results in the appearance of the dioxin toxicity
syndrome in hatching-stage larvae at 72—96 h post-fertilization
(hpf) (Henry et al., 1997; Belair et al., 2001). These effects of
TCDD exposure require a functional AHR.

While mammals and birds have a single AHR, fish species
possess two AHR clades, AHR1 and AHR2, which were derived
from an independent duplication event prior to the wholesale
genome duplication that occurred early in the teleost lineage
(Hahn, 2002). A variety of analyses indicate that fish AHRI is
orthologous to the single mammalian AHRs, while AHR?2 is a
divergent paralog. Three AHR genes have been identified in the
zebrafish genome, a pair of AHR1 co-orthologs (ahrlia and
ahrlb) and a single ahr2. The ahrlb and ahr2 genes exist as a
tandem duplication on chromosome 22, while ahrla resides on
chromosome 16 (Andreasen et al., 2002; Karchner et al., 2005).
Several lines of evidence have suggested that AHR2 is the
predominant form in fish (Hahn and Karchner, 1995; Roy and
Wirgin, 1997; Abnet et al.,, 1999a; Karchner et al., 1999;
Andreasen et al., 2002). Earlier characterizations of AHR2 and
AHRIA in zebrafish demonstrated that only AHR2 had
properties that define the mammalian AHR, including high
affinity TCDD binding, formation of heterodimers with the
AHR nuclear translocator factor, and subsequent xenobiotic
response element binding with activation of transcription (Abnet
etal., 1999b; Tanguay et al., 1999; Andreasen et al., 2002). More
recently, these properties were shown for AHR1B (Karchner et
al., 2005). However, the physiological significance of AHR1
isoforms in zebrafish is not yet clear. In the adult, ahria is
expressed predominantly in the liver, while a2 mRNA is more
abundant in a variety of other tissues (Andreasen et al., 2002).
The tissue distribution of ahrlb was not determined, but its total
mRNA levels in the embryo were much higher than ahria
(Karchner et al., 2005). Although AHR1B possesses TCDD-
inducible transcriptional activity, the developmental toxicity of
TCDD in zebrafish appears to require only a functional AHR2:
antisense morpholino knockdown of ahr2 protects embryos
from TCDD toxicity (Prasch et al., 2003; Teraoka et al., 2003).
However, cypla knockdown did not influence the effects of
dioxin on zebrafish embryos, implicating other AHR target
genes in the pathophysiology of dioxin developmental toxicity
(Carney et al., 2004).

Here we continue our systematic analysis of PAH toxicity in
fish embryos with a comparison of three tetracyclic AHs:
pyrene, chrysene, and benz[a]anthracene. Because of their
relative potency as AHR agonists compared to the tricyclic
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AHs, these compounds might be expected to cause AHR-
dependent toxicity. Using morpholino knockdown of ahrla,
ahr2, and cypla, we show that distinct embryolarval syndromes
induced by exposure to pyrene or benz[a]anthracene are
differentially dependent on tissue-specific activation of AHR
isoforms or metabolism by CYP1A. Using genetic ablation of
circulatory function in conjunction with the distinct tissue-
specific patterns of CYP1A induction associated with each
tetracyclic AH, we tested whether PAH uptake is an active or
passive process. The results indicate that current models of PAH
toxicity in fish are vastly oversimplified and that PAHs should
be considered as pharmacologically active compounds with
specific cellular targets.

Methods

Chemicals. ~ Pyrene (>99% purity), chrysene (98%), benz[a]anthracene (1,2-
benzanthracene, 99%), and benz[b]anthracene (2,3-benzanthracene, 98%), 2,3-
butanedione monoxeme, 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 5—10 mg/ml except benz[b]anthracene at 0.5 mg/
ml. Final concentrations of DMSO were 0.1% or lower in exposure medium.

Zebrafish exposures.  Wild type AB strain zebrafish were maintained and
fertilized eggs obtained as previously described (Incardona et al., 2004;
Incardona et al., 2005). Fish were treated according to an IACUC-approved
protocol and anesthetized with ~1 mM MS-222 when necessary. Exposures to
individual model PAH compounds were carried out in plastic 6-well plates (15—
25 embryos in 3 ml, 2—3 well replicates) or plastic 150 mm petri dishes (up to 50
embryos in 40 ml) with a static renewal protocol at 28.5 °C as described
previously (Incardona et al., 2004; Incardona et al., 2005). All exposures utilized
doses above the solubility limit of the compounds. For toxic PAHs, this
produced effects in 100% of the embryos. Each experiment was conducted at
least three times with similar results. All reported statistical analysis was
performed with JMP 5.1.2 for Macintosh (SAS, Cary, NC).

Morpholino injections. ~ Morpholino oligonucleotides (GeneTools, Philo-
math, OR) included translation-blocking morpholinos targeting zebrafish
AHR2 (5'-TGTACCGATACCCGCCGACATGGTT-3’, ahr2-MO), CYPIA
(5'-TGGATACTTTCCAGTTCTCAGCTCT-3', c¢ypla-MO) (Teraoka et al.,
2003), and silent heart/cardiac troponin T (5’-CATGTTTGCTCTGATCTGA-
CACGCA-3, sih-MO) (Sehnert et al., 2002); and a splice-blocking morpholino
targeting the AHRIA exon 2/intron 2 splice donor site (5-CTTTTGAAGT-
GACTTTTGGCCCGCA-3’, ahrla-MO) (Incardona et al., 2005). Negative
control morpholinos included mismatched oligonucleotides for AHR2 (5’-
TGaACCcATACCCGCCGtCATcGTT-3/, 4Mis-ahr2-MO) and AHRIA (5-
CTTTTcAACTGAETTTTGcCCCcCA-3, Smis-ahrla-MO), and a generic
“standard control” (5'-CCTCTTACCTCAGTTACAATTTATA-3’, std-MO).
Embryos were injected at the 1- to 4-cell stage (0.25—1 hpf) with a maximum

Table 1

PAHs used in the studies

PAH MW  Water solubility Log Ko,* AHR fish
(LM) potency factor®

Pyrene 2022 0.67 5.18 3.85x1077

Chrysene 2283  0.0088 5.86 6.59%10°7

Benz[b]anthracene  228.3  0.0026 5.76 1.4x10°*

Benz[a]anthracene 228.3  0.048 591 2x107%

AHR fish potency factors represent a combination of AHR affinity and potency
at CYPIA induction relative to a potency of 1 for TCDD.

? Mackay et al., 1992b.

® Barron et al., 2004b.

volume of 4 nl morpholino solution (100 pM) using a PLI90 Picoinjector
(Harvard 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 (56 h)
before use in exposure studies. For fluorescein- or rhodamine-conjugated
morpholinos (ahrla-MO, Smis-ahrla-MO, cypla-MO, and std-MO), embryos
were selected on an epifluorescent stereoscope based on fluorescence intensity
and an even distribution in blastomeres. No obvious phenotypic changes were
produced by ahrla, ahr2, or cypla morpholinos in embryos that were left
untreated or exposed to solvent alone, but the morphants were not examined for
specific defects.

Reverse transcriptase PCR assays of ahrla splicing and cypla transcript
abundance.  Total RNA was isolated from 30 to 100 embryos or larvae for
each treatment group. Animals were anesthetized and flash frozen on liquid
nitrogen prior to storage at —80 °C. Embryos were disrupted using handheld
Pellet Pestle Motor and Rnase free pestles and tubes (Kontes Glass Company,
Vineland, NJ), homogenized with QIAshredders (QIAGEN, Valencia, CA) and
RNA isolated using the RNeasy Protect Mini Kit (QIAGEN) according to the
manufacturer’s instructions. RNA was quantified on a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE), and quality
verified by an optical density (OD) absorption ratio OD 260 nm/OD 280 nm>1.9
and agarose electrophoresis of 1 pg RNA. Efficacy of ahrla-MO splice blocking
was assessed with reverse transcriptase (RT) PCR. Primers spanning a/r/a exon
2 were 5'-CGCAAAAGGAGGAAACCTGTC-3’ (forward) and 5'-CCTGTAG-
CAAAAATTCCCCCT-3’ (reverse). Oligonucleotide primers were synthesized
by Sigma/Genosys (The Woodlands, TX). Total larval zebrafish RNA was
reverse transcribed using SuperScript III First-Strand Synthesis SuperMix and
either random hexamer primers for splice site analysis or oligo(dT)20 for Q-PCR
assay (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions.
Template cDNA was amplified by PCR using Platinum Taq DNA polymerase
(Invitrogen) under the following conditions for 50 pul reactions: 94 °C for 10 min
followed by 35 cycles 0of 94 °C for 15 s, 56.7 °C for 30 s, 72 °C for 45 s, and one
final extension step at 72 °C for 7 min. Cryptic splice variation was analyzed by
digesting PCR products at a unique Hpal restriction enzyme site (New England

Fig. 1. Exposure to tetracyclic AHs results in different patterns and degrees of CYP1A induction. Zebrafish embryos were exposed to pyrene (25 pM), chrysene
(22 uM), or benz[aJanthracene (22 pM) from 6 hpf'to 72 hpf, and fixed and processed for CYP1A and myosin heavy chain immunofluorescence (A—I), or frozen for
total RNA isolation and quantification of CYP1A mRNA (J). In all images anterior is to the left and dorsal at top; scale bars are 200 um (A, D, G) and 50 pm (B, C, E,
F, H, I). Confocal imaging of CYP1A immunofluorescence is shown in panels A—I, while merged images (C’, F’, I') show CYP1A immunofluorescence (green) and
myocardial myosin heavy chain (red). Panels A—C, pyrene exposure induced CYP1A in the major and minor blood vessels of the head region (A), hepatocytes (B), and
the endocardium (C, arrow) but not myocardium (C’, unfilled arrowhead). Panels D—F, chrysene exposure induced CYP1A in the epidermis and head blood vessels
(D), but not in hepatocytes (E), and in endocardium (F, arrow) but not myocardium (F’, unfilled arrowhead). Panels G-I, benz[a]anthracene exposure induced CYP1A
throughout the blood vessels of the head (G), in hepatocytes (H), the endocardium (I, arrow), and myocardium (I’, filled arrowhead). Only very weak background
labeling was detected after exposure to solvent (DMSO) alone (data not shown). Panel J, Q-PCR analysis of cyp/a mRNA levels at 72 hpf in solvent-exposed
embryos (DMSO) and after exposure to pyrene (PYR), chrysene (CHR), and benz[a]anthracene (BAA). Data shown are the mean+SE derived from three
replicate exposure experiments assayed simultaneously on the same plate. Abundance of cyp/a mRNA was calculated relative to total template RNA added to the
TagMan assay, based on standard curves produced from the highest (BAA) and lowest (DMSO) samples (see Methods). Raw data were log transformed and analyzed by
nested ANOVA (»p<0.001) and Tukey—Kramer HSD (alpha=0.05) post hoc. Within each exposure group, some individual biological replicates were statistically
different, but means for each group were statistically different from each other across exposures (identified as groups A—D in the Tukey—Kramer HSD test).
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Biolabs, Beverly, MA). Final products were visualized on 4% agarose ethidium
bromide e-gels (Invitrogen). CYP1A induction was measured by two-step real-
time quantitative RT-PCR (Q-PCR) using TagMan sequence detection chemistry.
Total RNA was prepared from three replicate pools of 30 embryos per treatment.
Template RNA concentrations were quantified with the NanoDrop spectro-
photometer, and the samples were diluted to the same concentration prior to the
RT reaction. Probes and primers for Q-PCR assays were designed according to
sequence data using Primer Express software from Applied Biosystems (ABI,
Carson City, CA). For each RNA preparation, a sample was analyzed without RT
reaction to test for DNA contamination and without reverse transcriptase to test

for component purity. The CYPLA primer/probe set was 5'-TGGAGAG-
CACGCCGAAAG-3’ (forward), 5'-CCCTGCACCGTTGAAAATGT-3’'
(reverse), and FAM-5'-TGGCGCTCAATGCCCTGCG-3’-TAMRA (probe).
Zebrafish 3-actin was used as an internal control to normalize mRNA abundance.
The B-actin primer/probe set (Trant et al., 2001) was 5'-AGGTCATCAC-
CATCGGCAAT-3’ (forward), 5'-GATGTCCACGTCGCACTTCAT-3’
(reverse), and FAM-5'-CTTCCAGCCTTCCTTCCTGGGTATGGAA-3'-
TAMRA (probe). Assays were run on an ABI 7700 Sequence Detector using
96-well plates and ABI’s Universal PCR MasterMix Reagent. PCR efficiency
was measured using a serial dilution of a positive control RNA sample (benz[a]
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anthracene-exposed embryos) from within the experiment as a reference. Three
technical replicates were run for standard curve dilutions and each sample.
Reaction conditions were as follows for 25 pul PCRs: 12.5 pul of Universal PCR
MasterMix (ABI), 0.5 pl of forward primer (45 mM stock), 0.5 pl of reverse
primer (45 mM stock), 0.5 pul of probe (10 mM stock), 8.0 ul ddH,0, and 3.0 ul of
1:10 diluted RT reaction. Cycling parameters were: 50 °C for 2 min, 95 °C for
10 min and 40 cycles of 95 °C for 15 s followed by 60 °C for 1 min. Because
pyrene exposure reduced [-actin transcript abundance, CYPIA transcript
abundance was calculated using threshold cycle values relative to the standard
curves and expressed as n-fold abundance over the 1x calibrator sample (DMSO-
exposed embryos).

Imaging of live embryos/larvae, immunofluorescence, confocal microscopy, and
histology.  Digital still micrographs were obtained and videomicroscopy of
live embryos and larvae performed as described previously (Incardona et al.,
2004). To quantify pericardial edema, lateral images were obtained for at least
14 embryos/larvae mounted in 3% methylcellulose, and the pericardial area
measured in pixels by tracing the boundaries of the pericardial space in NIH
Image). Pixel area was converted to pm? based on the calibrated magnification.
Antibodies used for immunofluorescence were anti-fish CYPIA mouse
monoclonals 1-12-3 (Park et al., 1986) and C10-7 (Myers et al., 1993) (Cayman
Chemical, Ann Arbor, MI) and anti-myosin heavy chain monoclonal MF20
(Bader et al., 1982) (Developmental Studies Hybridoma Bank, University of
Towa). Embryos were fixed 3 h to overnight in 4% phosphate-buffered
paraformaldehyde and processed for immunofluorescence as described previ-
ously (Incardona et al., 2004; Incardona et al., 2005). Secondary antibodies
(Invitrogen-Molecular Probes, Eugene, OR) were AlexaFluor488-conjugated
goat-anti-mouse IgG (mAb C10-7) or IgG1 (mAb 1-12-3) and AlexaFluor568-
conjugated goat anti-mouse IgG2b (MF20). Immunolabeled embryos were
mounted in 3% methylcellulose and imaged using a Zeiss LSM 5 Pascal
confocal system with Ar and HeNe lasers. For histology, larvae were fixed
overnight in 4% phosphate-buffered paraformaldehyde and processed for plastic
embedding and microtome sectioning as previously described (Linbo et al.,
2006).

Results

Waterborne exposure to different tetracyclic AHs results in
distinct patterns of CYP1A induction

Exposure of zebrafish embryos to pyrene, chrysene, and
benz[a]anthracene (Table 1) resulted in qualitatively different
patterns of CYP1A induction among tissues and organs. As
described previously (Incardona et al., 2004; Incardona et al.,
2005), at 72 hpf, exposure to 25 pM pyrene induced CYPLA
throughout the vascular endothelium, including the majority of
blood vessels in the head (Fig. 1A) and trunk, and in developing
hepatocytes (Fig. 1B). Endothelial cells lining the cardiac
chambers (i.e. endocardium) also were intensely immunofluor-
escent for CYP1A, but the myocardium was not (Fig. 1C).
Other CYP1A-immunopositive (CYP1A™) tissues included the
epithelium of the intestinal bulb and the urinary pore (data not
shown). CYP1A immunofluorescence was also detectable just
above background in the epidermis. CYPIA immunofluores-
cence was not observed in other tissues, including skeletal
muscle or the central nervous system.

Similarly, as described previously (Incardona et al., 2004;
Incardona et al., 2005), exposure to 22 uM chrysene resulted in
strong CYP1A induction throughout the epidermis covering the
entire larva and in the endothelium of the major blood vessels in
the head (Fig. 1D) and trunk. Compared to pyrene, CYP1A
induction by chrysene was not as widespread throughout the

smaller blood vessels in the brain (see below). Chrysene also
induced CYP1A in the endocardium, but not in the myocardium
(Fig. 1F). Remarkably, the liver showed no increase over
background immunofluorescence in chrysene-exposed larvae
(Fig. 1E).

Exposure to 22 pM benz[a]anthracene resulted in CYP1A
induction in a wider range of tissues. Virtually all of the
blood vessels showed intense endothelial CYPIA immuno-
fluorescence, including the minor vessels deep in the brain
(Fig. 1G and Fig. S1). While most of the epidermal cells
showed CYPIA immunofluorescence at levels similar to
chrysene-exposed animals, a band of epidermal cells across
the middle of the hindbrain region consistently showed much
more intense labeling (Fig. 1G and Fig. S1). The liver, which
has an altered morphology in benz[a]anthracene-exposed
animals (data not shown), showed bright CYP1A immuno-
fluorescence (Fig. 1H). In contrast to both pyrene and
chrysene, benz[a]anthracene induced CYPIA in both the
endocardium and myocardium (Fig. 1I). Moreover, CYP1A
immunofluorescence was detected in the skeletal muscle
fibers in benz[a]anthracene-exposed larvae, as well as in
specific cells in both the central and peripheral nervous
systems (Fig. S1). In the CNS, ependymal cells at the base of
the central canal of the spinal cord and hindbrain were
strongly CYP1A", as were neurons scattered through dorsal
regions of the spinal cord. Lateral line neuromasts and glial
cells associated with the lateral line nerve were also
CYPIA".

CYPI1A induction was also measured for each compound by
Q-PCR of CYP1IA mRNA at the same time point shown for
CYPIA immunofluorescence (Fig. 1J). While CYPIA mRNA
levels were negligible in DMSO-exposed embryos at 72 hpf,
exposure to 25 pM pyrene resulted in a level of CYP1A mRNA
representing a 12-fold induction, chrysene exposure (22 uM)
produced a 22-fold induction, and benz[a]anthracene exposure
(22 uM) produced a 117-fold induction. These levels of total
CYPIA mRNA associated with exposure to each PAH
generally match the increasing range of tissues showing
CYPIA immunoreactivity. These data are also generally
consistent with the rank order of AHR potency for these
compounds (Table 1) predicted from other studies (Barron et al.,
2004b).

Despite relatively robust CYP1A induction, chrysene has no
obvious biological effects during embryonic and early larval
development of zebrafish, while pyrene and benz[a]anthracene
produced distinct defects described below. A trivial explanation
for lack of chrysene toxicity is simply that the compound has
insufficient bioavailability due to its low water solubility, as
predicted by narcosis models. If this is the case, then benz[b]
anthracene should be similarly nontoxic (Table 1). However,
benz[b]anthracene exposure resulted in complex dose-depen-
dent toxicity evident by 48 hpf, including mortality at 8—10 pM,
and developmental defects at 2—6 pM including failure of head
straightening, lack of finfold development, and poor cardiac
looping with pericardial edema and hemorrhage (Fig. S2).
These concentrations of benz[b]anthracene produced a pattern
of CYPIA immunofluorescence that overlapped considerably
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with that from benz[a]anthracene exposure, including the
myocardium (Fig. S2). The complexities of benz[b]anthracene
toxicity require a more detailed analysis to be described
elsewhere.

Systemic larval toxicity of pyrene is partially dependent on
hepatic CYP1A metabolism

Continuous exposure to pyrene (beginning soon after
fertilization) at doses above 5 pM resulted in a syndrome of
systemic toxicity that appears in early larval stages (i.e. at
~96 hpf) (Incardona et al., 2004; Incardona et al., 2005).
The visible signs of pyrene toxicity included dorsal cur-
vature of the body axis, reduced peripheral circulation,
anemia, pericardial edema that evolves into yolk sac edema,
and cell death beginning in the brain and later involving
the spinal cord. At these stages (and prior), CYP1A induc-
tion was evident throughout the vascular endothelium and
the liver. Pyrene-exposed larvae began to die during the
fifth day, a time coincident with changes in the appearance
of the liver (Figs. 2A, B). Grossly, the liver of pyrene-
exposed larvaec appeared opaque with irregular margins.
Histologically, the liver was not necrotic but appeared con-
gested with enlarged vacuolated hepatocytes possibly indi-
cative of either swollen mitochondria or endoplasmic reticu-
lum (Figs. 2A, B).

Although pyrene toxicity can be prevented or delayed by
knockdown of ahr2 or cypla (Incardona et al., 2005), ahria
was expressed at levels that are much higher in the liver than
any other tissue (Andreasen et al., 2002). We therefore tested
whether ahrla knockdown would influence pyrene toxicity.

Fig. 2. Knockdown of ahrla prevents pyrene toxicity and hepatic CYP1A
induction. Embryos were injected with airla or control MOs and exposed to
25 uM pyrene or solvent (DMSO) from 6 to 96 hpf. Larvae were fixed and
processed for histology (A, B), imaged live (D, E), or fixed and processed for
CYPIA immunofluorescence (F-I). Transverse sections of the liver are shown
(A, B), in all other images anterior is at left and dorsal at top; scale bars are
10 um (A, B) and 100 pm (D-I). Panel A, liver in DMSO-exposed larva with
smooth capsule (arrow) and normal hepatocytes with typical polygonal shape.
Panel B, liver in pyrene-exposed larvae shows a scalloped capsule (arrow) due to
cell swelling, larger rounded hepatocytes often containing vacuoles (arrow-
heads), and increased intercellular spaces and enlarged sinuses (asterisks)
consistent with congestion. Images are representative of 6 larvae sectioned for
each treatment. Panel C, MO targeting a/r/a exon 2—intron 2 splice donor site
causes a cryptic splicing event (E2/2-MO, indicated in red) that results in a
smaller PCR product and introduces a unique Hpal site and TAG stop codon
upstream of helix 2 of the bHLH domain. RT-PCR analysis showed only wild
type (wt) transcript in uninjected embryos (lane 1), predominantly morphant
(MO) cryptic splice product in injected embryos by 48 hpf (lane 2), with wt
transcript increasing by 96 hpf (lane 3); morphant transcript contains a unique
Hpal site not present in wt (lane 4). Panel D, pyrene-exposed ahrla morphant
with a normally translucent liver and no pericardial edema. Panel E, pericardial
edema (black arrow) and opaque liver with irregular margins (white arrow) in a
larva injected with control MO and exposed to pyrene. Images are representative
of at least 20 larvae from each of three replicate experiments. Panel F, reduced
CYP1A immunofluorescence in hepatocytes of a pyrene-exposed ahrla
morphant compared to larva injected with control MO, panel G. Panel H,
CYP1A immunofluorescence in the branchial arches (arrows) and neural vessels
(arrowheads) of a pyrene-exposed ahrla morphant compared to a control
pyrene-exposed larva, panel 1.

Injection of ahria-MO targeting the exon 2—intron 2 (E2I12)
splice donor site resulted in an aberrantly spliced transcript
derived from a cryptic splice site in exon 2. This introduced a
unique Hpal site into the cDNA product, and a frame shift
leading to a stop codon just before helix 2 of the AHR1A bHLH
domain, (Fig. 2C). Embryos injected with control morpholinos
and exposed to 25 pM pyrene showed liver abnormalities,
pericardial edema (Fig. 2E), and dorsal curvature after 96 hpf.
At the same time point, ahrl/a morphants exposed to pyrene
showed signs of pyrene resistance, including a normal liver and
absence of pericardial edema (Fig. 2D) and neural tube cell
death (data not shown). The mean pericardial areas determined
from lateral images for control embryos or ahrla morphants
exposed to pyrene were 37019 pm? and 256+ 10 pm? (n=17
each, t-test p<0.001), respectively. Dorsal curvature was not

bHLH PAS-B
N

TAG

D ahr1a-MO PYR E con-MO PYR
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prevented in ahrlia morphants (data not shown), and as
previously observed for cypla morphants (Incardona et al.,
2005), ahrla morphants ultimately succumbed to pyrene
toxicity with a delay of 18—24 h (data not shown).

Consistent with the known expression pattern of ahria
(Andreasen et al., 2002), immunofluorescent analysis of
CYPIA expression showed a specific reduction in hepatic
CYPIA in ahrla morphants exposed to pyrene (Fig. 2F)
relative to larvae injected with control morpholinos (Fig. 2G).
There was no effect of ahrl/a-MO on the extensive vascular
endothelial CYP1A induction associated with pyrene exposure
(Fig. 2H) compared to controls (Fig. 2I). These findings indicate
that hepatic CYP1A activity contributes strongly to the systemic
toxicity of pyrene, most likely through the production of a toxic
metabolite. It is possible that the metabolism of pyrene by
CYPIA in the vascular endothelium contributes to some of the
effects, in particular, dorsal curvature.

Cardiac toxicity of benz[aJanthracene requires AHR2 function
in the myocardium, but is independent of CYP1A induction

Exposure to 22 uM benz[a]anthracene resulted in cardiovas-
cular defects by 48 hpf that were distinct from the effects of both
the other tetracyclic AHs and cardiotoxic tricyclic AHs (Incardona
et al., 2004; Incardona et al., 2005). Benz[a]anthracene-exposed
embryos appeared normal through 32 hpf, but by 48 hpf showed
failure to complete cardiac looping with concomitant pericardial
edema (see Web Movie 1). A high percentage of embryos had
intracranial hemorrhage (Table 2, and Fig. 3G). By 72 hpf, benz
[a]anthracene-exposed embryos showed more severe edema
involving the yolk sac, mild dorsal curvature, and relative to
solvent-exposed embryos (Fig. 3A), reduced body length, eyes,
and jaw cartilages (Fig. 3B and data not shown). Cardiac structure
(Figs. 3D, F) and function (Web Movie 1) were dramatically
altered, with incomplete looping and reduction of both cardiac
chambers. Pericardial edema is probably secondary to reduced

Table 2
Benz[aJanthracene-induced cardiovascular defects are AHR2-dependent and
CYP1A-independent

Percent intracranial
hemorrhage at 48 hpf

Treatment Percent pericardial

edema at 72 hpf

Uninjected +44 pM 37 (n=83) 100 (n=67)
benz[a]anthracene

Control MO+44 uM 50 (n=174) 100 (n=59)
benz[a]anthracene

ahr2-MO+44 uM 4 (n=144) 7 (n=132)
benz[a]anthracene

cypla-MO+44 pM 48 (n=63) 100 (n=34)
benz[a]anthracene

Uninjected+DMSO 0 (n=40) 0 (n=36)

Control MO+DMSO 0 (n=47) 0 (n=41)

ahr2-MO+DMSO 1 (n=71) 2 (n=50)

cypla-MO+DMSO 0 (n=30) 0 (n=24)

Embryos were injected with indicated morpholinos and exposed as described
under Experimental Procedures, and scored for the presence of intracranial
hemorrhage at 48 hpf and pericardial edema at 72 hpf. Data shown are from a
single experiment that is representative of four experiments. Some embryos
were removed from each group at 48 hpf and fixed for immunofluorescence.

cardiac output. Between 48 and 72 hpf, the zebrafish ventricular
myocardium undergoes proliferation and the wall thickens from 1
cell to 4 cells wide (Hu et al., 2000; Rottbauer et al., 2001) (Fig.
3E). In benz[a]anthracene-exposed embryos, the myocardium
failed to proliferate, and degenerative changes were observed in
ventricular cardiomyocytes (Fig. 3F).

The cardiac effects of benz[a]anthracene are remarkably
similar to the AHR2-dependent effects of TCDD (Antkiewicz
et al., 2005). Consistent with this, ahr2 morphants were resistant
to benz[a]anthracene-mediated cardiovascular toxicity (Fig. 4 and
Table 2). Embryos injected with control morpholino (Fig. 4, bar 3)
showed the same degree of pericardial edema as uninjected
controls (Fig. 4, bar 2) at 48 hpf after exposure to 44 uM benz[a]
anthracene. In contrast, ahr2 morphants exposed to benz[a]
anthracene showed no pericardial edema (Fig. 4, bar 4) and had a
mean pericardial area not significantly different than unexposed
embryos (Fig. 4, bar 1). Unlike the case with pyrene exposure,
cypla knockdown did not prevent benz[a]anthracene-induced
pericardial edema. Similar results were observed for benz[a]
anthracene-induced intracranial hemorrhage (Table 2). Injection
of ahr2-MO largely prevented the occurrence of intracranial
hemorrhage, whereas injection of control-MO or cyp/a-MO did
not. However, although the degree of pericardial edema in cypla
morphants was not significantly higher (Fig. 4, bar 5), the
embryos appeared to be more severely impacted as suggested by
an increased number with yolk sac edema (data not shown). This
suggests that metabolism of benz[a]anthracene by CYP1A may
provide a mild protective effect.

As shown in Fig. 1, uninjected embryos (Figs. SA, D) or
embryos injected with control morpholino (Fig. 5B) showed
robust CYPIA immunofluorescence in both the endocardium
and myocardium, as well as the epidermis. Remarkably, in
conjunction with normal cardiac development in akr2 mor-
phants, CYP1A induction was blocked specifically in the
myocardium and the epidermis (Fig. 5C), but the endocardial
and other vascular endothelial CYP1A induction were intact
(Fig. 5C and data not shown). This pattern is similar to that
observed for chrysene exposure, where ahr2 knockdown
selectively blocks epidermal but not vascular endothelial
CYPIA induction (Incardona et al., 2005). Presumably,
AHRIA or AHR1B mediates endocardial and vascular endothe-
lial CYP1A induction in ahr2 morphants. Embryos injected
with cypla-MO that were not protected from benz[a]anthracene
cardiotoxicity showed an absence of immunodetectable CYP1A
in the heart (Fig. 5E). These findings indicate that benz[a]
anthracene impacts cardiac development in an AHR2-depen-
dent, CYP1A-independent manner, much like TCDD. More-
over, AHR2 activation in the myocardium is required for
toxicity, while endocardial CYP1A induction (or AHR pathway
activation) has little apparent effect on early heart development.

Tissue uptake and distribution of tetracyclic AHs are
differentially dependent on circulation

To begin to address the factors that determine the different
patterns of CYPIA induction associated with exposure to
pyrene, chrysene, and benz[a]anthracene, we first explored a
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Fig. 3. Exposure to benz[a]anthracene (BAA) results in cardiovascular defects. Embryos were exposed to 22 pM benz[a]anthracene or solvent (DMSO) from 6 to
72 hpt and imaged live at the indicated time (A—D, G) or fixed and processed for histological analysis of cardiac tissue (E, F). Shown are lateral views with anterior to
the left and dorsal at top (A—D), transverse sections with dorsal at top (E, F) and dorsal view with anterior at top (G); scale bars are 0.5 mm (A, B), 50 pm (C, D), 20 pm
(E, F), and 0.2 mm (G). Panel A, normal DMSO-exposed larva at 72 hpf. Panel B, benz[a]anthracene-exposed larva with pericardial (arrow) and yolk sac (arrowhead)
edema, intracranial hemorrhage, and dorsal curvature of the body axis. Panel C, higher magnification of normal heart in a DMSO-exposed larva (¥, ventricle; 4,
atrium). Panel D, poorly looped heart with small, stiff ventricle in a larva exposed to benz[a]anthracene. Panel E, section of a normal heart with a thickened ventricle
wall up to 4 cells wide (bracket and arrowhead). Panel F, section of heart in a benz[a]anthracene-exposed larva with a thin, elongated ventricle only 1-2 cells wide
(bracket and arrowhead). Panel G, left-sided intracranial hemorrhage (arrow) in a benz[a]Janthracene-exposed larva.

role for a functional circulation. Due to their small size,
zebrafish embryos can obtain sufficient oxygen by diffusion and
do not require circulation until the early larval period
(Rombough, 2002). If fish tissues take up PAHs by passive
diffusion, as assumed by narcosis models, then circulation
should not be required to achieve internal levels resulting in
CYPIA induction. An effective means for generating embryos
that never develop circulation is by knockdown of the cardiac-
specific isoform of troponin T, encoded by the zebrafish silent
heart (sih) locus (Sehnert et al., 2002). Injection of sik-MO

readily phenocopies the si# null mutant, and morphants do not
establish a heartbeat due to disorganized sarcomeres in cardiac
muscle (Sehnert et al., 2002).

In uninjected embryos exposed to pyrene (25 uM), CYP1A
immunofluorescence was strong throughout the vasculature, as
shown for the head (Fig. 6A) and trunk (Fig. 6B) by
epifluorescent imaging. Confocal imaging close to the midline
of the brain demonstrated strong CYP1A immunofluorescence
in a subset of the deep neural vessels (Fig. 6C). In contrast, sik
morphants exposed to pyrene in parallel showed very low
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Fig. 4. Benz[a]anthracene cardiac toxicity is AHR2-dependent and CYP1A-independent. Uninjected embryos or embryos injected with control, akr2, or cypla MOs
were exposed to 22 pM benz[a]anthracene from 6 to 48 hpf and scored for pericardial edema. Pericardial area was measured in lateral images, and 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.
Data represent the mean+SE (n=14-16) obtained after subtraction of the mean control area and were analyzed by one-way ANOVA (p<0.0001) and Tukey—Kramer
HSD (alpha=0.05) post hoc. Groups A and B were statistically different. For each bar in the plot, a representative corresponding image is shown above. Scale bar is

50 pm.

CYPI1A immunofluorescence, particularly in superficial vessels
of the branchial arches (Fig. 6D) and tail (Fig. 6E). Moreover,
CYPIA induction was not observed in the deep neural vessels
(Fig. 6F). Uninjected embryos exposed to chrysene (22 uM)
consistently showed strong CYP1A induction in both the
epidermis and vasculature, as observed in the head and trunk by
epifluorescent imaging (Figs. 6G and H, respectively). As
observed for pyrene, confocal imaging near the midline of the
brain demonstrated strong CYP1A immunofluorescence in the
deep neural vessels, but a different subset (Fig. 61). In contrast,
sih morphants exposed to chrysene showed a markedly higher
level of CYP1A immunofluorescence in the epidermis (Figs. 6J
and K), but an absence of induction in the deep neural vessels
(Fig. 6L). In marked contrast to the results obtained with pyrene
and chrysene, the widespread vascular CYP1A immunofluor-
escence observed in uninjected embryos (Figs. 6M, N, and O)
exposed to benz[a]anthracene (22 uM) was unaffected by sih
knockdown. Although benz[a]anthracene-exposed sikz mor-
phants showed higher epidermal CYPIA immunofluorescence
(Figs. 6P, Q), strong induction was evident in the deep neural
vessels (Fig. 6R). As an independent means to stop circulation
after it is well established, embryos were treated at 36 hpf with
40 mM 2,3-butanedione monoxime (Serluca et al., 2002), which
stops cardiac function by inhibiting myofibrillar ATPase
(Herrmann et al., 1992). After circulation ceased (~ 15 min),
embryos were maintained in 20 mM 2,3-butanedione mono-
xime and exposed to each tetracyclic PAH until 50 hpf. Similar
results for the patterns of CYP1A induction observed in sik
morphants were obtained with chrysene (data not shown), but
the combinations of pyrene and benz[a]anthracene with 2,3-
butanedione monoxime were lethal, with widespread cytotoxi-

city evident by 50 hpf. These findings strongly suggest that
circulation is required to deliver pyrene and chrysene to internal
tissues, but that benz[a]anthracene can diffuse or is transported
to internal tissues in a circulation-independent or passive
manner.

Discussion

In conjunction with our previous work (Incardona et al.,
2004; Incardona et al., 2005), we have identified three distinct
modes of action leading to unique syndromes of developmental
toxicity in fish embryos exposed to different PAHs. We
demonstrated previously that tricyclic AHs and weathered
ANS crude oil cause early cardiac dysfunction during key
stages of cardiac morphogenesis. These effects are independent
of the AHR and are most likely secondary to impacts on cardiac
ion channels or other targets involved in the cardiac conduction
system (Incardona et al., 2004; Incardona et al., 2005). Indeed,
in the case of tricyclic AHs, the AHR pathway provides modest
protection as ahrla/ahr? and cypla morphants showed higher
sensitivity to these compounds. The results presented here
indicate that, as more potent AHR agonists, some tetracyclic
AHs (pyrene and benz[a]anthracene) produce developmental
toxicity through the AHR pathway. Nevertheless, even among
the AHR agonists tested here, there are different mechanisms of
AHR-dependent toxicity, and toxicity cannot be predicted by
receptor activation potency alone.

First, the cardiovascular toxicity of benz[a]anthracene
overlaps considerably with that of TCDD. Both TCDD and
benz[a]anthracene cause reduced proliferation of ventricular
cardiomyocytes and defects in cardiac looping during the same
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Fig. 5. Myocardial but not endocardial AHR activation is required for benz[a]anthracene cardiac toxicity. Uninjected embryos or embryos injected with control,
ahr2, or cypla MOs were exposed to 22 uM benz[a]anthracene from 6 to 48 or 72 hpf then fixed and processed for CYP1A (green) and myosin heavy chain (red)
immunofluorescence. Representative lateral confocal sections are shown, with anterior to the left and dorsal at top. Merged images are shown in the first column,
with individual channels for myocardial myosin and CYP1A in the second and third columns, respectively. Filled arrowheads indicate epithelium over the
pericardium, unfilled arrowheads indicate the myocardium, and arrows indicate CYP1A" endocardium; scale bars are 50 pm (A—C and D, E). Panel A, uninjected
embryo exposed to benz[a]anthracene to 72 hpf. Panel B, embryo injected with control-MO and exposed to benz[a]anthracene to 72 hpf. Panel C, ahr2 morphant
exposed to benz[a]anthracene to 72 hpf. Panel D, uninjected embryo exposed to benz[a]anthracene to 48 hpf. Panel E, ¢ypla morphant exposed to benz[a]

anthracene to 48 hpf.

developmental stages (48—72 hpf) (Antkiewicz et al., 2005). In
contrast to the tricyclic AHs, but similar to TCDD, the defects in
cardiac function and morphogenesis induced by benz[a]
anthracene are AHR2-dependent and CYP1A-independent.
Moreover, the looping and proliferative defects caused by
benz[a]anthracene require AHR2 activation in the myocardium,
implying that AHR activation may disrupt (directly or
indirectly) the normal program of cardiomyocyte gene expres-
sion during these key phases of ventricular maturation. These
results have important implications for proposed mechanisms of

TCDD toxicity. Previous studies have focused on the contribu-
tion of vascular endothelial AHR activation (or CYP1A
induction) to the edematous syndrome associated with exposure
of fish embryos to TCDD (Cantrell et al., 1996; Guiney et al.,
1997; Cantrell et al., 1998; Guiney et al., 2000; Dong et al.,
2002). However, the robust endocardial and vascular endothe-
lial CYPIA expression observed in AHR2 morphants protected
from benz[aJanthracene toxicity indicates that endothelial AHR
activation is insufficient for disruption of cardiac morpho-
genesis. This is further supported by the lack of cardiac defects
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Fig. 6. Tissue-specific patterns of CYP1A induction by tetracyclic AHs are differentially dependent on circulation. Uninjected embryos or silent heart (sih) morphants
were exposed to pyrene (25 uM), chrysene (22 pM), or benz[a]anthracene (22 uM) from 6 to 72 hpfthen fixed and processed for CYP1A immunofluorescence. Shown
are representative lateral epifluorescent images of the head (A, D, G, J, M, and P) and trunk (B, E, H, K, N, and Q) and higher magnification lateral confocal sections
taken adjacent to the midline and spanning the midbrain—hindbrain junction (C, F, I, L, O, and R). Anterior is to the left and dorsal at top in all images; scale bars in
panels A and C are 100 um and representative for all epifluorescent and confocal images, respectively. Panels A—C, uninjected larva exposed to pyrene. Panels D—F,
sih morphant exposed to pyrene. Panels G-I, uninjected larva exposed to chrysene. Panels J-L, sih morphant exposed to chrysene. Panels M—O, uninjected larva
exposed to benz[a]anthracene. Panels P—R, sih morphant exposed to benz[a]anthracene. Epifluorescent images are representative of at least 15 larvae and confocal

images representative of 6 larvae for each compound.

in embryos exposed to pyrene or chrysene despite robust
expression of CYP1A in the endothelium.

Second, pyrene exposure results in a very different syndrome
of systemic toxicity in which the heart is not a primary target,
and by which hepatic CYPIA induction plays a major role. The

previously observed pyrene resistance of cypla morphants
(Incardona et al., 2005) and the protection provided by selective
reduction in hepatic CYP1A induction in ahrl/a morphants
strongly suggest that pyrene toxicity results from a product of
hepatic metabolism that reaches the systemic circulation.
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Alternatively, the systemic effects of pyrene exposure could
result from altered liver function secondary to CYPIA-
mediated pyrene hepatotoxicity.

These findings also have important implications for
structure—function relationships among AHR isoforms.
Based on in vitro studies with TCDD and other potent
dioxin-like AHR ligands, zebrafish AHR1A appeared to be an
inactive receptor (Andreasen et al., 2002), and it has been
suggested that ahrla is an incipient pseudogene (Karchner et
al., 2005). However, our data are consistent with the ability of
PAH ligands to activate CYP1A transcription in vivo through
AHRI1A. It is unlikely that a translation product of the akhrla-
MO cryptic splice acts as a dominant negative to AHR2
because both helices of the bHLH domain are required for
dimerization (Fukunaga et al., 1995). Nevertheless, in
conjunction with our previous findings that ahr2-MO both
prevents pyrene toxicity and blocks CYPIA induction in the
liver and throughout the vascular endothelium (Incardona et
al., 2005), these results suggest that there may be complex
interactions or relationships among the fish AHR isoforms that
differ from the canonical single-isoform AHR pathway in
mammals and merit further exploration.

The toxicity of dioxins and planar polychlorinated biphenyls
correlates well with affinity of AHR binding or efficacy of
receptor activation (Safe, 1990; Hestermann et al., 2000). Under
the assumption that PAHs act similarly, a toxic equivalency
approach has been used to predict AHR-mediated PAH toxicity.
While this approach may be justified when considering
carcinogenic potential (mediated by AHR activation and
CYP1A metabolism), our findings indicate that this approach
fails to predict early life stage toxicity in fish. Although our
Q-PCR results suggest that the potencies of pyrene and chrysene
for AHR activation in zebrafish are closer than predicted by
other systems (Barron et al., 2004b), this most likely reflects
toxicokinetic differences (i.e. the higher water solubility of
pyrene). Nevertheless, this type of model would still predict that
chrysene should be more toxic than pyrene, yet chrysene has no
discernable impact on developing zebrafish through at least
5 days post-fertilization, despite robust CYP1A induction.
Moreover, these studies indicate that the specific tissues
impacted by AHR activation are more relevant than overall
levels of pathway activation. The tissue-specific patterns of
CYPIA induction and potential requirement of active circula-
tion-associated processes to achieve these patterns strongly
suggest that individual PAHs have complex toxicokinetics.
Although it is possible that there are other impacts on the
development of vascular endothelial cells that are secondary to
loss of circulation that might prevent CYP1A induction by
pyrene or chrysene, the normal development of the embryonic
vasculature in sik and other cardiac mutants (Isogai et al., 2003)
suggests that this is unlikely. These findings, in conjunction with
the observed toxicity of benz[b]anthracene relative to chrysene,
do not support models that assume lipids are non-specific targets
for PAHs, resulting in narcotic-like toxicity (Di Toro and
McGrath, 2000; Di Toro et al., 2000; French-McCay, 2002).

In summary, this analysis of tetracyclic AH developmental
toxicity, combined with previous studies on tricyclic PAHs,

demonstrates that widely accepted models of PAH toxicity are
oversimplified and will therefore fail to accurately predict many
aspects of PAH biological activity. PAHs historically have been
treated as a common class of compounds, but should be
considered as individual compounds or subfamilies of com-
pounds with specific activities. It is clear from these results that
predicting the toxicity of complex PAH mixtures will be more
difficult than previously anticipated. However, they also
underscore an urgent need for expanded research efforts on
these ubiquitous contaminants whose inputs into the environ-
ment will only increase in the foreseeable future.
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