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a b s t r a c t

In the embryo-larval stages of fish, alkylphenanthrenes such as retene (7-isopropyl-1-
methylphenanthrene) produce a suite of developmental abnormalities typical of exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), including pericardial and yolk sac edema, cardiovas-
cular dysfunction, and skeletal deformities. To investigate the mechanism and target tissue of retene
toxicity, we used observational, histological, and protein knockdown techniques in zebrafish (Danio
rerio) embryos. The primary overt signs of toxicity are pericardial edema and reduced blood flow, first
observed at 36 h post-fertilization (hpf). The most pronounced effects at this stage are a reduced layer of
cardiac jelly in the atrium and reduced diastolic filling. Conversely, an increased layer of cardiac jelly is
observed at 72 hpf in retene-exposed embryos. Induction of cytochrome P4501A (CYP1A) is apparent in
a subset of cardiomyocytes by 48 hpf suggesting that early cardiac effects may be due to AhR activation
in the myocardium. Myocardial CYP1A induction is transient, with only endocardial induction observed
at 72 hpf. Knockdown of cyp1a by morpholino oligonucleotides does not affect retene toxicity; however,

ahr2 knockdown prevents toxicity. Thus, the mechanism of retene cardiotoxicity is AhR2-mediated
and CYP1A-independent, similar to TCDD; however, the onset and proximate signs of retene toxicity
differ from those of TCDD. Retene cardiotoxicity also differs mechanistically from the cardiac effects of
non-alkylated phenanthrane, illustrating that alkyl groups can alter toxic action. These findings have
implications for understanding the toxicity of complex mixtures containing alkylated and non-alkylated

carb
polycyclic aromatic hydro

. Introduction

Alkylphenanthrenes are polycyclic aromatic hydrocarbon (PAH)
onstituents of crude oil and have been implicated in the toxic-
ty of crude oil to the early life stages of fish (Carls et al., 1999;
eintz et al., 1999; Hodson et al., 2007a). Retene (7-isopropyl-1-

ethylphenanthrene) is a C-4 phenanthrene derived from both

atural and anthropogenic sources and a useful model for study-
ng alkylphenanthrene toxicity. It can occur naturally in crude oil,
nd in sediments at high concentrations near pulp and paper mills
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(Leppanen and Oikari, 1999). Exposures to crude oil or to retene
produce a syndrome characterized by cardiovascular dysfunction,
pericardial and yolk sac edema, and craniofacial and spinal defor-
mities (Billiard et al., 1999; Carls et al., 1999; Heintz et al., 1999;
Incardona et al., 2005; Incardona et al., 2009). These signs overlap
considerably with the effects of exposure to persistent organochlo-
rine contaminants, including 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD or dioxin). Dioxin-like toxicity in zebrafish embryos is medi-
ated via the aryl hydrocarbon receptor 2 (AhR2, the functional
AhR isoform; Prasch et al., 2003; Dong et al., 2004; Antkiewicz et
al., 2006), a ligand-activated transcription factor that initiates the
expression of a battery of genes involved in xenobiotic metabolism
(e.g., cytochrome P450 1A) and in normal development and home-
ostasis (Fernandez-Salguero et al., 1997; Hahn, 1998; Walisser et

al., 2004). Upon activation, the AhR translocates into the nucleus
and heterodimerizes with the AhR nuclear translocator. The result-
ing complex binds to xenobiotic responsive elements (XREs) in the
promotor region of AhR-responsive genes, initiating transcription
(Hahn, 1998). For dioxin-like compounds, the mechanism down-
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tream of AhR activation remains largely uncertain; however, it
s independent of CYP1A activity (Carney et al., 2004). In con-
rast, the developmental toxicity of non-alkylated (parent) tricyclic
AHs such as phenanthrene, as well as crude oil-derived mixtures
nriched with parent PAHs, were found to be independent of the
hR pathway (Incardona et al., 2005).

As oil weathers over time, the resulting aqueous mixtures
hift from being dominated by more water-soluble parent com-
ounds to become enriched with alkylated PAHs (Carls and Meador,
009; Short and Heintz, 1997). While phenanthrene (non-alkylated
etene) is a poor AhR ligand (and produces AhR-independent tox-
city), retene (and probably other alkylphenanthrenes) competes

ith TCDD for binding to the AhR of some species (Billiard et al.,
002). Thus, a key question is whether the toxic mechanisms asso-
iated with petrogenic PAH mixtures differ according to the relative
bundance of parent and alkylated compounds. Another complicat-
ng factor for understanding PAH toxicity is that organochlorines
re poor substrates for CYP1A, whereas alkylphenanthrenes are
apidly metabolized by CYP1A (Fragoso et al., 1999; Hawkins et al.,
002). Xenobiotic metabolism by CYP1A enzymes could contribute
o toxicity through the production of reactive oxygen species (ROS)
nd/or reactive metabolite intermediates (Di Giulio et al., 1995).

The involvement of AhR and CYP1A in alkylphenanthrene tox-
city is suggested by structure–activity relationship studies of
lkyl-PAHs, which identify a possible link between the toxic-
ty of alkylphenanthrenes and their binding affinity to the AhR.
hR-binding alkylphenanthrenes produced dioxin-like toxicity in

apanese medaka (Oryzias latipes), which generally follows a rank
rder of potency in accordance with an increase of lipophilic-
ty (Turcotte et al., 2010; Kiparissis et al., 2001). Furthermore,
he byproducts of metabolism implicate CYP1A in the mech-
nism of retene toxicity (Hawkins et al., 2002; Brinkworth et
l., 2003; Bauder et al., 2005; Hodson et al., 2007b). In retene-
xposed rainbow trout (Oncorhynchus mykiss) embryos, CYP1A
nduction precedes signs of toxicity (Brinkworth et al., 2003),
nd toxicity decreases after chemical inhibition of CYP1A enzyme
ctivity (Hawkins et al., 2002; Hodson et al., 2007b). In addition,
auder et al. (2005) implicate ROS-induced oxidative stress in
etene toxicity, as there are decreases in glutathione and Vita-
in E concentrations in retene-exposed trout larvae, and retene

oxicity is reduced when larvae were co-treated with Vitamin
.

Although retene toxicity to the early life stages of zebrafish
as described previously (Billiard et al., 1999), it was primar-

ly late-stage larval effects, with little insight into the proximate
igns of dioxin-like toxicity during the embryonic stages of devel-
pment. Thus, the aims of this study were to comprehensively
tudy the mechanisms of retene toxicity by: (1) identifying both
roximal signs and progression of cardiovascular toxicity using
bservational, histological, and immunofluorescent analyses; and
2) directly investigating the involvement of CYP1A and AhR using
ntisense morpholino oligonucleotides. Using retene as a model
lkyl-PAH, the ultimate aim of this study was to provide insight
nto the changing toxicity of crude oil during weathering, in which
olatile compounds are lost and concentrations of alkyl-PAHs are
nriched.

. Materials and methods

.1. Chemicals
Retene (98% pure) was obtained from ICN Biomedical (Aurora,
N). Dimethylsulfoxide (DMSO; Sigma, St. Louis, MO) was used
s a carrier solvent for retene. Stock solutions were prepared at
concentration of 20 mg retene/mL DMSO, and were stored at 4 ◦C.
ogy 101 (2011) 165–174

2.2. Morpholino knockdown

Antisense morpholino oligonucleotides (Gene Tools, Philomath,
OR) were used to sterically block the translation of AhR2 and CYP1A
mRNAs, thus knocking down the gene product. The morpholino
oligonucleotide sequences (Teraoka et al., 2003) were as follows:
AhR2 (ahr2-MO), 5′-TGTACCGATACCCGCCGACATGGTT-3′; CYP1A
(cyp1a-MO), 5′-TGGATACTTTCCAGTTCTCAGCTCT-3′; and generic
standard control (std-MO), 5′-CCTCTTACCTCAGTTACAATTTATA-3′.
The eggs were injected as described by Incardona et al. (2006) and
were maintained at 28.5 ◦C until observational analysis.

2.3. Zebrafish exposures

Maintenance of wild-type AB, nacre, and Tg(fli1-EGFP) strains
of zebrafish and egg collection protocols are described elsewhere
(Linbo, 2009). The nacre mutation and Tg(fli1-EGFP) transgene are
carried in an AB strain background. After collection and/or injection,
the eggs were incubated at 28.5 ◦C until 50% epiboly, at which time
they were exposed to 12.5 �g/mL retene or DMSO (0.0006%, v/v),
a high concentration chosen to ensure that the fish would respond
to retene and that the sequence of responses could be followed. At
the concentration used, most of the retene would be absorbed to
surfaces and would partition into water to the limits of its solubil-
ity, about 15–16 �g/L based on partitioning experiments (Kiparissis
et al., 2003). The focus of this mechanistic study was to ensure
that toxicity occurred within the constraints of very small expo-
sure systems suited to zebrafish embryos, and not on producing
data to establish water quality criteria, as has already been done
(Brinkworth et al., 2003; Kiparissis et al., 2003).

The exposures were carried out in glass Petri dishes with up to
50 embryos/dish, equivalent to about 1 g biomass/L in 40 mL of test
solution, which was renewed daily. Retene exposures were run in
triplicate, and all injected DMSO controls were run in duplicate.
For quantification of cardiac effects, three replicate groups of 20
embryos each were exposed to either DMSO or 12.5 �g/mL retene.
No early embryonic mortality was observed in DMSO-exposed con-
trols, but 15% of retene-exposed embryos died before 24 hpf. Due
to time and egg number constraints, there was only one replicate of
uninjected DMSO controls containing 45 eggs. This would not affect
the interpretation of our results, as all morpholino-injected DMSO
controls showed no signs of toxicity. No toxicity has been observed
in previous DMSO exposures at similar concentrations (data not
shown). Retene exposures for observation of cardiac effects were
repeated in three independent experiments, all with qualitatively
similar results documented by representative digital videos. The
overall frequency of edema and the degree of cardiac dysfunction
were consistent across experiments. Changes in atrial wall thick-
ness were observed qualitatively in each retene exposure assay.
Cardiac contractility and atrial wall thickness were quantified in
one experiment (see below).

2.4. Stereo- and confocal microscopy

Embryos were mounted in 3% methylcellulose, and digital video
and still images collected at 24, 36, 48 and 72 hpf, as previ-
ously described (Incardona et al., 2006). Pericardial edema was
measured at 72 hpf by outlining the boundaries of the pericar-
dial sac and quantifying the number of pixels using Image J
software (U.S. National Institute of Health, Bethesda, MD). Heart
rate was quantified in unanesthetized embryos by counting beats

over a 15-s interval. Contractility was assessed by measuring
fractional shortening, an indicator of systolic contractility nor-
malized to chamber diameter (Bendig et al., 2006). End-diastolic
and end-systolic diameters of the atrium were measured in dig-
ital videos using ImageJ, and fractional shortening calculated as

EX5088-000002-TRB
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Table 1
Retene-induced impairment of atrial function at 36 hpf correlates with atrial wall
thickness.

Treatment Atrial function Wall thickness (�m)a N

DMSO Normal 13.1 ± 0.6A 6
12.5 �g/mL retene Intermediate 10.8 ± 0.9B 7
12.5 �g/mL retene Poor 8.1 ± 0.5C 6
J.A. Scott et al. / Aquatic T

end-diastolic diameter) − (end-systolic diameter)/(end-diastolic
iameter) × 100. For measurements of atrial wall thickness, frames

n digital videos were chosen at end-diastole, and the wall
hickness measured in ImageJ at a consistent point on the ante-
ior side at the dorsal-ventral midpoint. Immunofluorescence (at
2 hpf) and endothelial fluorescence of Tg(fli1-EGFP) embryos (at
2 hpf) were imaged using a Zeiss LSM 5 confocal microscope.
he embryos were fixed in 4% paraformaldehyde and processed
or immunofluorescence as previously described (Incardona et
l., 2006). The primary antibodies used for immunofluorescence
ere anti-fish CYP1A monoclonal C10-7 (Caymen Chemical, Ann
rbor, MI), anti-myosin heavy chain monoclonal MF20, and anti-
trial myosin heavy chain S46 (both from Developmental Studies
ybridoma Bank, University of Iowa). The secondary antibodies
ere AlexaFluor488-conjugated goat-anti-mouse IgG3 (for C10-

), AlexaFluor488-conjugated goat-anti-mouse IgG1 (S46) and
lexaFluor568-conjugated goat-anti-mouse IgG2b (MF20; all from

nvitrogen-Molecular Probes, Eugene, OR).

.5. Histology

At 72 hpf, zebrafish embryos were fixed in 4% paraformalde-
yde, washed in PBT (phosphate buffered saline, 0.2–0.5% Triton
-100) and dehydrated in a graded series of ethanol concentra-

ions at 10 min intervals at room temperature. The embryos were
laced in propylene oxide (2 × 10 min), followed by an embedment

n Epon-Araldite. The specimens were sliced at 500 nm using a RMC
T6000 ultramicrotome. The sections were thermally adhered

o a glass slide and stained with 1% filtered toluidine blue. The
ections were viewed with an Olympus BX51 microscope and
hotographs were digitally captured using an Olympus QColor 5
amera and QCapture Pro software (Ver. 5.1.1.14, Media Cybernet-
cs, Inc., Bethesda, MD). The cross-sectional size of atrial walls, and
entricles were measured in pixels by outlining the boundaries of
he tissues using Image J software (U.S. National Institute of Health,
ethesda, MD). The atrial wall thickness was calculated by subtract-

ng the lumen area from the area measured at the outer boundary
f the atrium (i.e., myocardial layer).

.6. Statistics

The prevalence and severity of pericardial edema were ana-
yzed using a two-way analysis of variance, followed by a
tudent–Newman–Keuls multiple pairwise comparison. Heart
hamber measurements were analyzed by Student’s t test or one-
ay ANOVA followed by a Tukey–Kramer Honestly Significant
ifferences test (alpha = 0.05). Statistical analyses were performed
sing SigmaStat Ver. 1.0 (Jandel Scientific, Chicago, IL; p < 0.05) or

MP 6.0.2 for Macintosh (SAS Institute, Inc., Cary, NC).

. Results

.1. Retene toxicity

Retene embryotoxicity was first observed at 36 hpf, with peri-
ardial edema and reduction in blood flow as the proximate signs
f toxicity (Supplemental Movie S1). At this stage, two degrees
f cardiac impairment were observed: 35 ± 4% of retene-exposed
mbryos had markedly reduced circulation with stasis of erythro-
ytes in the common cardinal vein (Fig. 1a,b), while the remainder
howed slower entry of erythrocytes into the atrium relative to

ontrols (Movie S2). The stasis of erythrocytes in the common car-
inal vein of retene-exposed embryos was due to reduced atrial
lling (Movie S1, Fig. 1d), but there was no difference in atrial con-
ractility between retene exposed embryos and controls, both of
hich had atrial fractional shortening values of 23 ± 3% (retene
a Values are mean ± SE; ANOVA showed an effect of treatment (p = 0.0002) and
letters indicate statistically different groups in post hoc means comparison by
Tukey–Kramer HSD test (alpha = 0.05).

n = 8, control n = 7). However, the atria in these embryos appeared
slightly dilated with a reduction in the thickness of the cardiac jelly
(extracellular matrix) between the myocardium and endocardium
in the anterior portion of the chamber (Fig. 1c,d). Measurement
of the anterior atrial wall thickness in digital images (e.g. Fig. 1c,d)
showed a relationship among retene treatment, wall thickness, and
atrial function (Table 1). Control (DMSO-exposed) embryos had
an average wall thickness of 13.1 ± 0.6 �m, while the atrial wall
was reduced to 8.1 ± 0.5 �m in retene-exposed embryos with poor
atrial filling, and 10.8 ± 0.9 �m in retene-exposed embryos that
had better atrial filling without marked dilation. In some retene-
exposed embryos, the ventricles appeared smaller at 36 hpf (data
not shown). By 48 hpf, 90 ± 2% of retene-exposed embryos showed
reduced circulation (i.e., stasis in the cardinal vein), with reduced
ventricular size more apparent and the atria remaining dilated
(Fig. 1e,f). All retene-exposed embryos with reduced circulation at
this stage (46/51) showed thinner atrial walls (e.g. Fig. 1f). There
was no difference in heart rate at 48 hpf, with a rate of 162 ± 3
beats/min for DMSO-exposed controls and 165 ± 2 beats/min for
retene-exposed embryos (p = 0.17, n = 15 each). At 72 hpf the mor-
phology of the heart in retene-exposed embryos was distinctly
different, with a markedly reduced ventricle and underdevelop-
ment of the bulbus arteriosus (Fig. 1g,h). By this time, the atria
appeared to have an increased thickness of cardiac jelly, apparent in
both live specimens and in histological sections (Fig. 2), and the ven-
tricular myocardium was thinner than in controls. Quantification
in five embryos showed a significant increase in the extracellular
space between the atrial myocardium and endothelium (p = 0.003;
Fig. 2a,b). There was evidence for a disruption in erythropoiesis in
retene-exposed embryos; only round primitive erythrocytes were
apparent, in contrast to the more flattened, ovoid definitive ery-
throcytes observed in control embryos (Fig. 2c,d).

By 72 hpf there was a significant difference in the prevalence
and severity of pericardial edema in retene-exposed embryos
(p < 0.001; Fig. 3), except in ahr2 morphants (discussed below).
Retene-induced craniofacial deformities (reduced lower jaw) and
intracranial hemorrhaging were also observed.

3.2. Role of AhR2 and CYP1A

At 48 hpf there was widespread CYP1A immunoreactivity in the
epidermis (Fig. 4a) and vascular endothelium (data not shown)
of uninjected embryos exposed to retene. Consistent with previ-
ous studies, injection of cyp1a morpholino resulted in an overall
marked reduction in CYP1A immunoreactivity throughout the epi-
dermis and vasculature, including the endocardium (Fig. 4b and
data not shown). In ahr2 morphants, the epidermal expression of
CYP1A was reduced; however, CYP1A expression was still observed
in the vasculature and eye (Fig. 4c). In the heart, strong CYP1A
immunofluorescence was observed in the endocardium of both

chambers (Fig. 5c), while CYP1A induction was evident in a subset
of ventricular myocardial cells (Fig. 5c). In five embryos examined
in detail, optical sectioning showed that CYP1A immunofluores-
cence was detectable consistently in a patch of myocardial cells
that extended along the anterior outer curvature of the ventri-

EX5088-000003-TRB
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Fig. 1. Cardiac defects resulting from retene exposure. Embryos exposed to DMSO (a, c, e, g) and to retene (b, d, f, h) at 36 hpf (a-d), 48 hpf (e, f) and 72 hpf (g, h). Left lateral
views are shown in a–f, with ventral views shown in g and h and anterior to left in all images. In c–h, images are single frames taken from digital video at the end of atrial
diastole, i.e., at peak relaxation of the atrium. (a, b) Arrow indicates pericardial edema in retene-exposed embryo. (c, d) Atrium at 36 hpf is slightly dilated in retene-exposed
embryo with a reduced number of erythrocytes in the lumen, and shows reduced cardiac jelly between the myocardium (filled arrowheads) and the endocardium (unfilled
a bryo
( embr
e

c
m
A
i
t
e
o
b
e

rrowheads). (e, f) Dilated atrium (A) and small ventricle (V) in retene-exposed em
space between filled and unfilled arrowheads) in the atrium (A) of retene-exposed
–h). Images are representative of >50 embryos for each treatment.

le (OC, Fig. 5a,b). CYP1A induction was not detected in the atrial
yocardium. However, we cannot unequivocally rule out atrial
hR activation, because the high intensity of the endocardial CYP1A

mmunofluorescence may have obscured any weaker signals in

he myocardium. At 72 hpf, retene-exposed embryos showed only
ndocardial CYP1A immunofluorescence (Fig. 5d), with an absence
f induction throughout the ventricular myocardium. This com-
ined loss of epidermal CYP1A induction with retention of vascular
ndothelial induction in ahr2 morphants is similar to that observed
at 48 hpf. (g, h) Poorly developed bulbus arteriosus (BA) and thicker cardiac jelly
yos. See also Supplemental Movie S1. Scale bars are 0.2 mm (a, b) and 50 �m (c, d;

with the 4-ring PAHs chrysene and benz(a)anthracene (Incardona
et al., 2005; Incardona et al., 2006).

Knockdown of AhR2 by ahr2-MO knockdown prevented retene
toxicity in zebrafish embryos (Fig. 6h). The prevalence and sever-

ity of pericardial edema in ahr2 morphants were significantly lower
than those of uninjected embryos exposed to retene (p < 0.001), and
were not different from those of control embryos (Figs. 3 and 6).
Conversely, cyp1a-MO knockdown did not alleviate toxicity in
retene-exposed embryos (Figs. 3 and 6h), as there was no significant

EX5088-000004-TRB
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Fig. 2. (a,b) Atrium wall thickness and (c,d) erythrocyte morphology of retene- and DMSO
erythrocyte. Scale bar = 0.1 mm. Images are representative of 5 embryos per treatment.

Fig. 3. Zebrafish embryotoxicity as described by (a) prevalence and (b) severity of
pericardial edema at 72 hpf. The data represent the (a) mean percent of embryos dis-
playing edema and (b) mean pericardial area ± SE (N = 1–3 replicates, 19–50 embryos
per replicate; p < 0.05).
(0.0006%, v/v)-exposed zebrafish embryos at 72 hpf. Arrowhead, atrial wall; arrow,

difference in toxicity between cyp1a morphants and uninjected
embryos exposed to retene. As expected, the generic standard
control morpholinos did not influence toxicity and there was no
significant toxicity observed in all DMSO controls (Figs. 3 and 6a–d).
Thus, the toxicity of retene to the early developmental stages
of zebrafish is mediated by an AhR2-dependent and CYP1A-
independent mechanism.

4. Discussion

4.1. Retene embryotoxicity

Retene causes cardiogenic edema in the embryo-larval stages of
zebrafish, in agreement with previous studies of zebrafish using
similar static daily renewal protocols (Billiard et al., 1999), and
with studies of medaka by partition-controlled delivery (Kiparissis
et al., 2003), and trout by continuous-flow desorption columns
(Brinkworth et al., 2003). All species display similar signs of toxic-
ity as those described herein, although the present study includes
a greater level of detail.

The onset of toxicity occurs sometime between 30 and 36 hpf,
with the proximate signs of toxicity first appearing at 36 hpf. The
earliest effect appears to be a loss of pump function of the heart,

without a change in heart rate or myocardial contractility. The
most pronounced effect appears to be in the atrium, which shows
a reduced layer of cardiac jelly, an extracellular matrix secreted
by the myocardium that is important for the elasticity of the early
tubular heart (Barry, 1948). In contrast, by 72 hpf the atrium has an

EX5088-000005-TRB
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Fig. 4. CYP1A immunofluorescence in uninjected, cyp1a-MO- and ahr2-MO-injected
zebrafish embryos exposed to retene. Images are representative of at least 20
e
D
p
b

i
w
i
f
a

mbryos per treatment. Only weak background fluorescence was observed in
MSO-exposed controls (not shown). Similar epidermal and vascular endothelial
atterns were observed in the trunk for each treatment group (not shown). Scale
ar = 0.1 mm.
ncreased layer of cardiac jelly in retene-exposed embryos, which
as most readily apparent in histological sections. Recent studies

n zebrafish and chick embryos suggest that the early tubular heart
unctions as a suction pump dependent on elasticity (Forouhar et
l., 2006; Männer et al., 2008), consistent with properties conferred
ogy 101 (2011) 165–174

by the cardiac jelly. Although the role of cardiac jelly has not yet
been assessed specifically in zebrafish, a parsimonious explana-
tion for the reduced atrial diastolic filling and dilation observed
in retene-exposed embryos at 36 hpf is due to a loss of elasticity
of the atrium secondary to a reduced deposition of cardiac jelly.
This is also consistent with the observed functional relationship
between atrial filling and wall thickness. While effects on the ven-
tricle appeared minimal at 36 hpf, altered ventricular morphology
and function were dramatic by 48–72 hpf. It is thus unclear if the
later morphology of the atrium is due to intrinsic effects of retene
exposure, or secondary to ventricular dysfunction. The apparent
paradoxical increase in atrial cardiac jelly observed at 72 hpf could
be compensatory.

Two of the proximate signs of retene toxicity are similar to
those observed in 3,3′,4,4′,5-pentachlorobiphenyl (PCB126) and
TCDD exposures. In PCB126 embryos, pericardial edema appears by
36 hpf (Grimes et al., 2008), similar to retene. However, in TCDD-
exposed zebrafish embryos, the first measurable changes occur
are at 48 hpf and include a decrease in cardiomyocyte number
(Antkiewicz et al., 2005) and regurgitation of erythrocytes through
the atrioventricular valve (Mehta et al., 2008). TCDD-induced peri-
cardial edema typically does not present until 72 hpf (Belair et al.,
2001; Prasch et al., 2003; Antkiewicz et al., 2005). The sequence
of events induced through activation of the AhR by PCB126 and
TCDD appears to be a failure of ventricular cardiomyocyte pro-
liferation that normally occurs between 48 and 72 hpf (Hu et al.,
2000), followed by an incomplete looping and formation of the
bulbus arteriosus, ultimately leading to complete heart failure and
development of the characteristic string-like cardiac morphology
(Antkiewicz et al., 2005; Jönsson et al., 2007; Grimes et al., 2008;
Mehta et al., 2008). The AhR-dependent cardiac effects of retene
exposure are generally less severe, but are visible at an earlier
developmental stage. Continuous exposure to retene beginning
shortly after fertilization results in a transient induction of CYP1A
in a subset of cardiomyocytes, evident by 48 hpf but absent at
72 hpf. It is thus most likely that the functional defects result-
ing from retene exposure are due to AhR activation in either the
ventricular or atrial myocardium. A simple interpretation is that
activation of AhR2 in the myocardium up to 48 hpf results in disrup-
tion of gene expression required for normal cardiac jelly deposition.
The decay of myocardial CYP1A in the presence of robust epider-
mal and endothelial CYP1A expression, coupled with the increase
in atrial cardiac jelly at 72 hpf suggests that by this point, the
myocardium may be protected from on-going retene exposure.
Although the pattern of CYP1A induction by PCB 126 and TCDD
in the heart has not been characterized in detail, these effects of
retene are consistent with those observed for another AhR binding
PAH, benz[a]anthracene (Incardona et al., 2006).

The differences between retene and TCDD may reflect differ-
ences in toxicokinetics in addition to AhR binding affinity. First,
studies with TCDD describe the effects of a transient exposure
shortly after fertilization, followed by transfer to clean water
(Antkiewicz et al., 2005; Belair et al., 2001; Henry et al., 1997.).
Because TCDD is not metabolized, this results in an initial load
that is presumably concentrated in the yolk, then distributed to
the growing embryo. In this study, embryos were exposed to
retene continuously with static renewal, and retene is metabolized
by CYP1A. Although TCDD is slightly more hydrophobic (retene
Kow = 6.4, TCDD Kow = 6.8), it is likely that these different exposure
protocols would result in different tissue distributions of active
ligand. Moreover, it is likely that CYP1A induction after retene expo-

sure would alter the pattern of active ligand. After 48 h retene may
not reach the myocardium because of retene metabolism in endo-
cardial cells, which would affect the timing and degree of cardiac
dysfunction in relation to the pattern of cardiac CYP1A induction.
However, it is important to note that a CYP1A-independent effect in

EX5088-000006-TRB



J.A. Scott et al. / Aquatic Toxicology 101 (2011) 165–174 171

Fig. 5. CYP1A immunofluorescence in the heart of retene-exposed embryos. (a) The morphology of the heart at 48 hpf shown with chamber-specific antibodies MF20 (red)
and S46 (green). (b) Both the atrium (A) and the ventricle (V) have a convex outer curvature (OC) and a concave inner curvature (indicated for the ventricle). (c, d) CYP1A
i mark
w in the
i are r
i to th

t
u
b
a
C
i
c

e
M
t
s
e
a

mmunofluorescence (green), (c′ , d′) myosin heavy chain immunofluorescence (red)
as present in endocardial cells of both chambers (arrows), and in myocardial cells

n endocardial cells (arrow), but not the myocardium (unfilled arrowhead). Images
nterpretation of the references to colour in this figure legend, the reader is referred

he myocardium does not rule out the involvement of the byprod-
cts of CYP metabolism (i.e., ROS, reactive metabolites), which have
een implicated in the mechanism of retene toxicity (Hawkins et
l., 2002; Bauder et al., 2005; Hodson et al., 2007b). In addition to
YP1A, the AhR regulates the expression of other CYP enzymes,

ncluding CYP1B1, 1C1, and 1C2 (Jönsson et al., 2007), which may
ontribute to retene metabolism and toxicity.

The evidence for a disruption in erythropoiesis in retene-
xposed zebrafish embryos is a particularly interesting finding.

ore direct assessment of erythrocyte morphology is needed, as

he retene-induced erythrocyte shape could also result from cell
welling or may be due to the section angle. However, the gen-
ral shape of the erythrocytes and reduced erythrocyte numbers
re consistent with reports of TCDD-induced disruption of defini-
s cardiomyocytes, (c′ ′ , d′ ′) merged images. (c) At 48 hpf CYP1A immunofluorescence
anterior part of the ventricular OC (arrowheads). (d) At 72 hpf CYP1A was detected

epresentative of at least 20 embryos; OC staining was assessed in 5 embryos. (For
e web version of this article.)

tive stage erythropoiesis (Belair et al., 2001). Erythropoiesis occurs
in two distinct phases in zebrafish, primitive and definitive, which
differ both temporally and spatially (see Orkin and Zon, 1997).

4.2. AhR2-dependent and CYP1A-independent toxicity of different
PAH compounds

The mechanism of retene toxicity in embryonic zebrafish is
AhR2-mediated, but independent of CYP1A activation or activ-

ity. These findings are consistent with those reported in TCDD
(Prasch et al., 2003; Teraoka et al., 2003; Carney et al., 2004;
Dong et al., 2004; Antkiewicz et al., 2006) and benz[a]anthracene
(Incardona et al., 2006) exposures of zebrafish embryos. Exposures
to PCB126 are also mediated by AhR2 (Jönsson et al., 2007). The
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ig. 6. Effects of retene and DMSO (0.0006%) in uninjected and morpholino-injecte
50 embryos for each treatment. PE, pericardial edema; JM, jaw malformation. Scal

oxicity of retene also differs from that of other tri- and tetra-
yclic PAHs (Incardona et al., 2004; Incardona et al., 2005). Notably,
henanthrene (unalkylated retene) exposures produce signs char-
cteristic of atrioventricular conduction block independent of AhR2
Incardona et al., 2004), illustrating that the addition of alkyl groups
an dramatically alter embryotoxicity. These findings have impli-
ations for understanding the changing toxicity of crude oil during
eathering. The PAH composition of water and tissues are typi-

ally dominated by alkyl naphthalenes and parent non-alkylated
AHs such as phenanthrene during early phases of weathering,
hich shifts to a pattern dominated by higher molecular weight

lkyl-PAHs over time (Carls et al., 1999; Heintz et al., 1999; Short
nd Heintz, 1997). The toxicity of such a mixture in zebrafish

mbryos is consistent with the AhR-independent effects of the
on-alkylated compounds (Incardona et al., 2005). However, as
eathering changes the composition to a mixture dominated by
2- and C3-alkylated compounds, the toxicity may shift to include
strong AhR-dependent component, assuming that the alkylated
rafish at 72 hpf. The zebrafish shown are representative of the toxicity observed in
0.1 mm.

compounds found in crude oils are similar to retene with its iso-
propyl group.

An AhR-dependent, CYP1A-independent mechanism of retene
toxicity is in general agreement with our previous work using
chemical inhibition of CYP1A with �-naphthoflavone (ANF; Hodson
et al., 2007b; Scott and Hodson, 2008). Co-exposure of rainbow
trout embryos to retene and a range of ANF concentrations caused
an additive and synergistic toxicity associated with a shift in retene
metabolites predominantly from polar to less polar metabolites
(Hodson et al., 2007b; Scott and Hodson, 2008). However, the
change in toxicity cannot be explained by changes in CYP1A (EROD)
activity (Scott and Hodson, 2008). In addition, the toxicity of retene
alone is correlated with an increase in CYP1A protein in rain-

bow trout embryos, suggesting an AhR-mediated toxicity (Scott
and Hodson, 2008). Taken together with the results of this study,
it appears that the mechanism of retene toxicity is downstream
of AhR activation and may be mediated by other AhR-induced
CYP isoforms. Studies using a multiple CYP (e.g., cyp1b1 + cyp1c1)
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nockdown approach using morpholino oligonucleotides may be
n appropriate next step to investigate this further.

Interestingly, CYP1A staining was observed in the vasculature
nd eye of ahr2 morphants, which may suggest the presence an
dditional functional AhR isoform. The resistance of vascular CYP1A
nduction to ahr2 knockdown has been observed with other PAHs
Incardona et al., 2005; Incardona et al., 2006). Further studies are
eeded to investigate this observation as the interpretation is con-

ounded by the potential for cross-reactivity of the CYP1A antibody,
nd the lack of 100% efficacy of morpholinos.

In conclusion, we find the mechanism of retene toxicity is AhR2-
ediated and CYP1A-independent, with the cardiovascular system

s the primary target tissue. Further, more direct research is needed
o investigate: (i) the specific role of AhR2 in retene-induced cardio-
ascular toxicity; (ii) the nature of the AhR2-mediated pathological
nd kinetic differences between retene and organochlorine toxic-
ty; and (iii) the role of other functional AhR and CYP isoforms in
enobiotic toxicity.
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