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Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) causes various signs of toxicity in early life stages
of vertebrates through activation of the aryl hydrocarbon receptor (AHR). We previously reported
a sensitive and useful endpoint of TCDD developmental toxicity in zebrafish, namely a decrease
in blood flow in the dorsal midbrain, but downstream genes involved in the effect are not known.
The present study addressed the role of zebrafish cytochrome P450 1C (CYP1C) genes in
association with a decrease in mesencephalic vein (MsV) blood flow. The CYP1C subfamily was
recently discovered in fish and includes the paralogues CYP1C1 and CYP1C2, both of which are
induced via AHR?2 in zebrafish embryos. We used morpholino antisense oligonucleotides (MO or
morpholino) to block initiation of translation of the target genes. TCDD-induced mRNA
expression of CYP1Cs and a decrease in MsV blood flow were both blocked by gene knockdown
of AHR2. Gene knockdown of CYP1C1 by two different morpholinos and CYP1C2 by two
different morpholinos, but not by their 5 nucleotide-mismatch controls, was effective in blocking
reduced MsV blood flow caused by TCDD. The same CYP1C-MOs prevented reduction of blood
flow in the MsV caused by B-naphthoflavone (BNF), representing another class of AHR agonists.
Whole mount in situ hybridization revealed that mMRNA expression of CYP1C1 and CYP1C2 were
induced by TCDD most strongly in branchiogenic primordia and pectoral fin buds. In situ
hybridization using head transverse sections showed that TCDD increased the expression of both
CYP1Cs in endothelial cells of blood vessels, including the MsV. These results indicate a
potential role of CYP1C1 and CYP1C2 in the local circulation failure induced by AHR2
activation in the dorsal midbrain of the zebrafish embryo.
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Introduction

Planar halogenated aromatic hydrocarbons such as polychlorinated dibenzo-p-dioxins,
dibenzofurans and polychlorinated biphenyls elicit a broad spectrum of toxic defects in most
vertebrates including mammals, birds and fish. Fish embryos are particularly sensitive to the
toxic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Peterson et al., 1993; Hahn,
2001). Exposure of developing fish to TCDD causes a reduction of peripheral circulation,
edema, craniofacial malformations and growth retardation, culminating in mortality (Walker
and Peterson, 1994; Henry et al., 1997; Teraoka et al., 2002).

Most of the toxic endpoints of TCDD exposure in vertebrates are thought to be mediated by
a ligand-activated transcription factor, the aryl hydrocarbon receptor (AHR) and its
dimerization partner, the aryl hydrocarbon receptor nuclear translocator (ARNT). Fish have
several isoforms of AHR and ARNT, and AHR1a, AHR1b, AHR2, ARNT1 and ARNT2
have been cloned and characterized in zebrafish (Hahn et al., 1997; Karchner et al., 2005).
Gene knockdown with morpholino antisense oligonucleotides (MO or morpholino) against
AHR2 shows that toxic endpoints such as circulation failure and malformation of certain
brain blood vessels seen in TCDD-exposed zebrafish larvae are mediated by AHR2 (Prasch
et al., 2003; Teraoka et al., 2003a, 2010). It is reported that mutant zebrafish embryos that
are null for ARNT?2 fail to be rescued from TCDD-induced toxicity (Prasch et al., 2004),
while knockdown of either AHR2 or ARNT1 significantly reduces the toxicity, suggesting
the importance of ARNT1 rather than ARNT2 in TCDD embryo toxicity in zebrafish
(Antkiewicz et al., 2006; Prasch et al., 2006). A recent study has indicated that the
cyclooxygenase-2-thromboxane pathway is a potential target of TCDD toxicity to induce
local circulation failure in the dorsal midbrain (Teraoka et al., 2009). Nevertheless, the
signaling pathway following TCDD activation of AHR2/ARNT1 is only beginning to be
understood.

Among the known AHR/ARNT target genes, cytochrome P4501A (CYP1A) is the best
characterized and most strongly induced gene in developing zebrafish exposed to TCDD
(Handley-Goldstone et al., 2005; Carney et al., 2006a). However, studies in the zebrafish
embryo treated with morpholinos against CYP1A translation showed inconsistent results
regarding the role of CYP1A in TCDD developmental toxicity (Teraoka et al., 2003a;
Carney et al., 2004; Antkiewicz et al., 2006). Conflicting results seen in zebrafish CYP1A
morphants imply that other genes participate in particular toxic endpoints of TCDD,
possibly including other CYP1 genes. Recently, a novel CYP1 subfamily, the CYP1Cs, was
discovered in fish, and CYP1C1 and CYP1C2 have been cloned and characterized in
zebrafish (Godard et al., 2005; Jonsson et al., 2007a). Zebrafish embryos showed basal and
TCDD- or 3,3'4,4',5-pentachlorobiphenyl (PCB126)-induced expression of both CYP1C
transcripts (Jonsson et al., 2007b). Morpholino knockdown of AHR2 protein in the zebrafish
embryo effectively inhibited the induction of CYP1Cs, showing regulation by AHR2
(Jonsson et al., 2007b). A recent study reported that vascular CYP1C1 and CYP1C2 were
increased following treatment with TCDD in adult zebrafish, and the induced expression in
mesenteric artery was greater than that in liver for both CYP1Cs, suggesting that vasculature
is a target tissue for induction of CYP1C1 and CYP1C2 by AHR agonists (Bugiak and
Weber, 2009). Whether CYP1C1 and CYP1C2 expression is induced in vasculature in early
life stages of zebrafish remains to be determined. It is important to consider whether the
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vascular CYP1Cs may be involved in the AHR2/ARNT1 pathway to developmental
toxicity, particularly vascular toxicity, in the zebrafish embryo.

We previously established a useful approach to study a particular effect of TCDD in
development in zebrafish, namely a decrease in blood flow in the dorsal midbrain (Dong et
al., 2002). TCDD elicited a significant reduction of blood flow in the mesencephalic vein
(MsV) during 48 and 56 hours post fertilization (hpf) (Dong et al., 2002), which was
blocked by antioxidants, general CYP inhibitors, and AHR2 knockdown (Dong et al., 2002,
2004). p-Naphthoflavone (BNF), another commonly studied AHR agonist, mimicked the
inhibitory effect of TCDD on MsV blood flow (Dong et al., 2002). TCDD- and BNF-
induced reduction of MsV blood flow is one of the earliest endpoints of toxicity, occurring
before general circulation failure and pericardial edema (Teraoka et al., 2003b; Carney et al.,
2006b). Therefore, the present study focuses on the potential involvement of the CYP1Cs in
the mesencephalic circulation failure seen in the zebrafish embryo exposed to TCDD or
BNF.

Materials and methods

Fish husbandry

The Tupfel/long fin wild-type strain of zebrafish were used for all experiments, and were
maintained as previously described (Jonsson et al., 2007a; Teraoka et al., 2009). Fertilized
eggs were collected from multiple group breedings of adult zebrafish. Embryos were reared
as described previously (Jonsson et al., 2007b; Teraoka et al., 2009).

Chemical exposure

In the present study, TCDD (99.1% purity; Accustandard, Inc., New Haven, CT) and BNF
(Sigma-Aldrich, St. Louis, MO) were used as model AHR agonists. Embryos were placed in
polystyrene petri dishes with no more than 3 embryos per milliliter of either Zebrafish
Ringer or 0.3x Danieau's, and then exposed to carrier (0.1% dimethyl sulfoxide [DMSO]) or
an apparent concentration of waterborne TCDD or BNF (dissolved in 0.1% DMSOQ). Details
of duration of chemical exposure are given below.

Knockdown with morpholinos

Morpholinos designed to block initiation of translation of AHR2, CYP1C1 and CYP1C2
were obtained from Gene Tools (Philomath, OR). Sequences of morpholinos used are shown
in Table 1. The MO used for AHR2 was previously described (Dong et al., 2004). Two
morpholinos that do not overlap each other were designed for CYP1C1 and CYP1C2. All
morpholinos were designed around the translation start site, as both CYP1C genes are single
exon genes which lack splice sites. CYP1C1-MO1 complements 25 base pairs of the 5'-
UTR, starting from 27 base pairs upstream of the start site. CYP1C1-MO2 complements the
first 25 base pairs of the coding region. CYP1C2-MO1 complements 25 base pairs of the 5'-
UTR, starting from 68 base pairs upstream of the start site. CYP1C2-MO2 complements the
first one residue upstream of the start codon and the first 24 residues of the coding region.
The proximal 5'-UTR sequences of CYP1C1 and CYP1C2 targeted by the morpholinos used
in these studies differ greatly from each other (Fig. 1A) and from those of CYP1A and
CYP1B1. Negative control morpholinos with 5 nucleotides different from the original ones
were synthesized for AHR2, CYP1C1 and CYP1C2. All morpholinos were diluted in
deionized water to the concentrations indicated in Table 1. A Narishige IM-300
microinjector (Tokyo, Japan) with a fine glass needle was used to inject 2 nL of
morpholinos into the yolk of 1- to 4-cell stage embryos.
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Confirmation of efficacy and specificity of morpholinos by in vitro protein synthesis

The efficacy and specificity of CYP1C-MOs used in the present study were determined by
their ability to block in vitro translation of zebrafish CYP1C1 or CYP1C2 from a pGEM-T
Easy or a pcDNA plasmid containing correctly oriented insert, using the Promega TNT®
rabbit reticulocyte T7 Quick Coupled Translation system. Transcend™ biotinylated t-Lysyl-
RNA was used to label the translated proteins. One to five uL of neat, or acetone
precipitated, reaction mixture (per kit protocol) was resolved on 10% polyacrylamide gels,
transferred to Hoefer 0.22 um nitrocellulose, and membranes were then blocked with LiCor
blocker and incubated with LiCor Streptavidin IRDye 680™ to fluorescently label
biotinylated proteins. Detection was done with the Licor Odyssey™ near-IR laser
fluorescence detection system using the 700 nm excitation laser to visualize labelled
proteins and co-resolved BioRad Precision Plus™ All Blue prestained molecular weight
standards.

Measurement of mesencephalic vein blood flow

Blood flow in MsV was evaluated using a recorder system, LRH1601 line recorder system
(DigiMo, Japan) equipped with a high-speed video camera, VCC-H1600 (DigiMo, Japan),
or Handycam HDR-UX7 (Sony, Japan), as described previously with a slight modification
(Teraoka et al., 2002). Embryos were exposed to 0.1% DMSO, 0.5 ppb TCDD or 0.2 uM
BNF (0.054 ppm) for 24 hr, starting at 24 hpf. We used TCDD and BNF at particular
concentrations indicated above, based upon our preliminary studies and previous results
showing dose-response relationships (Dong et al., 2002). At 48 hpf embryos were rinsed,
and then dechorionated for measurement of blood flow in the MsV between 50 and 55 hpf.
Zebrafish embryos were orientated for lateral observation in the flow studies (see Fig. 5J).
The number of red blood cells passing through the MsV per 15 sec (RBC/15 sec) was
determined as an index of blood flow. The MsV blood flow in each treatment group was
expressed as a percentage of rate in the non-injected controls, to normalize the blood flow in
each experiment.

Real time PCR

Real time PCR analysis was carried out to measure expression levels of CYP1C1 and
CYP1C2 during zebrafish development from 6 to 96 hpf, by the method described elsewhere
(Teraoka et al., 2009), using the Platinum SYBR Green gPCR SuperMix-UDG (Invitrogen,
Carlsbad, CA) in a Chromo4 Real-Time PCR Detection System (Bio-Rad, Hercules, CA).
Embryos were exposed continuously for up to 24 hr to DMSO (0.1%), 0.5 ppb TCDD or 0.2
uM BNF either beginning at 2 hpf for 6, 12 and 24 hpf collections or beginning at 24 hpf for
36, 48, 72 and 96 hpf collections. In the latter case, larvae collected at 72 and 96 hpf were
rinsed at 48 hpf and then placed in fresh Zebrafish Ringer for the duration of the
experiments. Total RNA was extracted with Trizol (Invitrogen), and purified with DNase
treatment using RNeasy (Qiagen, Germany). The cDNA templates were synthesized from
total RNA with Superscript 111 reverse transcriptase (Invitrogen) and oligo (dT) primer.
Elongation factor 1-alpha (EF1o) was used as an internal control. The gene-specific primes
used for real time PCR were as follows: CYP1C1 sense primer 5'-
GCGTAATTGAGCACGGGA-3', antisense primer 5'-CATCCATTGCATTGCTGTT-3';
CYP1C2 sense primer 5-TGGTGTAATGGATCATGCAG-3', antisense primer 5'-
GCAGAAGCATCCAATTAAGC-3'; EFla sense primer 5'-
GATGCACCACGAGTCTCTGA-3, antisense primer 5'-
TGATGACCTGAGCGTTGAAG-3'. Preliminary studies showed that each primer set
produced a single peak in melting curve as well as a single band in agarose gel
electrophoresis.
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Whole-mount in situ hybridization

Whole-mount in situ hybridization analysis was carried out as described previously (Teraoka
etal., 2002). We exposed embryos to TCDD only and increased the concentration to elicit a
more robust signal of the CYP1Cs in tissues. Embryos were exposed to either 0.1% DMSO
or 2 ppb TCDD for 24 hr, from 24-48 hpf. At 50 hpf, embryos were fixed in 4%
paraformaldehyde (PFA), and then transferred to methanol until used for in situ
hybridization. The antisense RNA probes were prepared from the cDNAs that were cloned
by conventional PCR, and consisted of 610 base pairs (DQ007044, 347-956) for CYP1C1
and 599 base pairs (BC159255, 516-1114) for CYP1C2. The targeted CYP1C1 and
CYP1C2 sequences for whole mount in situ hybridization do not share high identity with
each other and are very different from CYP1A and CYP1B1. The color reaction was carried
out using BM-purple substrate. After PFA fixation, the stained embryos were cleared in 70%
glycerol and observed using inverted microscopy (1X71, Olympus, Japan).

In situ hybridization using transverse sections of zebrafish embryos

In situ hybridization analysis using head transverse sections for CYP1C1 and CYP1C2 was
performed with radioactive antisense oligo DNA probes following the methods described
elsewhere (Mowa and Iwanaga, 2000), using 50 hpf embryos exposed to 0.1% DMSO or 0.5
ppb TCDD as described above. Under tricaine anaesthesia, zebrafish embryos in O.C.T.
compound (Sakura, Tokyo, Japan) were rapidly frozen in liquid nitrogen. Cryostat sections,
10-20 um in thickness, were prepared and mounted on glass slides pre-coated with 3-amino-
propyltriethoxysilane. We used two different DNA probes specific for each of CYP1C1 and
CYP1C2 to check the specificity as well as to obtain a robust signal by using mixtures of the
two probes. The sequences of DNAs used were
GCGAACTCGGTGCTGTGTTGAACGAGTGCCTTCCTTATCGCCGCA and
CGACGGTGGCTTCATGTGCAGGGTTGAAGTGTCGTCCATCAGCAC for CYP1C1,
and GCAAATTCAGTGCTGTGTTGAAGCAATGCGCTGCGTATGGCAGAC and
GCTTGCTATAACTGGCAAACGTCATGCTGGTCCCGCCGGAAACGT for CYP1C2.
The probes were labeled with 33P-dATP using terminal deoxyribonucleotidyl transferase.
The hybridized sections were dipped in Kodak NTB2 nuclear track emulsion and exposed
for 10 weeks. After being developed, they were stained with hematoxylin for orientation and
then observed using inverted microscopy (1X71, Olympus, Japan).

Flk1-egfp transgenic zebrafish embryos

Statistics

Flk1-egfp transgenic zebrafish that express green fluorescent protein (GFP) in endothelial
cells in blood vessels were the generous gift of Len Zon of Children's Hospital, Boston, MA.
The transgenic fish were used to compare the expression profile of GFP in endothelium with
CYP1C1 and CYP1C2 in head transverse sections of embryos at 50 hpf treated with vehicle
or TCDD. At 50 hpf, embryos were fixed in 4% PFA and the head was removed and placed
into a depression in 1% agarose created with the Adaptive Science Tools PT-1 mold. Then,
melted agarose gel (1%) was added to fill the depression and immobilize the head. Gel
immobilized samples were embedded in paraffin. Sections (5 um) were mounted on slides
(Superfrost/Plus: Fisher Scientific, Pittsburgh, PA), dried at room temperature for 2 days,
and deparaffinized with Citrisolv (Fisher Scientific). GFP signal was imaged by fluorescent
microscopy. GFP intensity was not greatly diminished by fixation and was sufficient to
detect the signal in blood vessels.

Data are presented as mean £ SEM or mean + SD. Significant differences in the MsV blood
flow index for each morpholino treatment group (AHR2-MO, CYP1C1-MOs, CYP1C2-
MOs and their 5 nucleotide-mismatch controls, 5mis-MOs) were determined either by one-
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way ANOVA which if significant was followed by Tukey-Kramer test, or by Kruskal-Wallis
test which if significant was followed by Dunn test. Significance of differences in the
MRNA expression levels between control and treatment groups (i.e., TCDD or BNF) in each
developmental stage was determined by one-way ANOVA which if significant was followed
by Dunnett test. The significant level was set at 0.05. All statistical analyses were performed
with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).

Confirmation of morpholino target specificity by inhibition of in vitro translation

Our approach to discovering the roles of CYP1C1 and CYP1C2 in TCDD developmental
toxicity was to block their translation with morpholinos. To increase the reliability of our
observations, we used two different morpholinos for CYP1C1 and for CYP1C2, respectively
(Table 1, Fig. 1A), with 5 nucleotide-mismatch controls for each gene. We first tested the
efficacy and specificity of the morpholinos by assessing their inhibitory effect on the in vitro
translation of the CYP1C1 and CYP1C2 genes. When a pGEM-T Easy vector was used for
the TNT in vitro translation system, a plasmid containing CYP1CL1 insert produced a
specific protein band in the expected molecular weight. Both CYP1C1-MO1 and CYP1C1-
MO2 efficiently inhibited the translation of CYP1C1, while the 5 nucleotide-mismatch
controls, 5mis-CYP1C1-MO1 and 5mis-CYP1C1-MO2, did not inhibit the translation of
CYP1C1. However, a CYP1C2 plasmid did not yield protein in the TNT with this vector,
and thus we repeated the analysis using a pcDNA vector. Prominent protein bands of the
expected molecular weights were produced in the TNT expression system using pcDNA
plasmids containing CYP1C1 or CYP1C2 inserts. As before, CYP1C1-MO2, but not a 5mis-
CYP1C1-MO2, efficiently blocked the translation of CYP1C1, confirming again the
morpholino efficacy and specificity (Fig. 1B). Likewise, the CYP1C2-MO2 blocked
translation of CYP1C2, while its 5 nucleotide-mismatch control, 5mis-CYP1C2-MO2, did
not (Fig 1B). (The CYP1C2-MO1 was not tested, as there are out-of-frame ATG codons
between that morpholino site and the actual start site (Fig. 1A), which could act as
translation start sites in the TNT reaction.)

Effects of morpholino knockdown of CYP1Cs expression on the reduced mesencephalic
vein blood flow caused by TCDD

The mesencephalic arteries branch towards the rostrum from the internal carotid arteries just
before the cerebral arterial branch and join the mesencephalic veins by 2 days post
fertilization (dpf) which flow through the dorsal surface of the mesencephalon. The two
mesencephalic veins traverse a distance roughly equal to the width of the eye and join at the
dorsal midline junction. They are easily observed in the developing embryo at 50 and 60 hpf
as the primary vessels in the dorsal region of the mesencephalon (Isogai et al., 2001; Dong
et al., 2002). Blood flow in the MsV at 50 hpf was markedly reduced by TCDD, and this
inhibitory effect of TCDD on MsV blood flow continued significantly from 48 to 56 hpf
(Dong et al., 2002). We reported also that gene knockdown of AHR2 by translational
inhibition with a morpholino, AHR2-MO, was effective in blocking a TCDD-induced
decrease in MsV blood flow (Dong et al., 2004). In the present study we confirmed again the
inhibitory effect of the same AHR2-MO on TCDD-induced reduction of blood flow in the
MsV (results not shown).

We sought next to determine if knockdown of expression of the CYP1Cs, which are
regulated via AHR2 (Jénsson et al., 2007b), would influence the mesencephalic circulation
failure caused by TCDD. As shown in Fig. 2, MsV blood flow was similar in untreated
embryos and in embryos treated only with CYP1C1-MO1, CYP1C1-MO2, and 5mis-
CYP1C1-MOs. TCDD markedly reduced MsV blood flow. Injection of CYP1C1-MO1 and
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CYP1C1-MO2 provided significant protection against the mesencephalic circulation failure
caused by TCDD. The 5 nucleotide-mismatch control 5mis-CYP1C1-MOs were ineffective
in blocking the TCDD-induced reduction of MsV blood flow.

Results similar to those with CYP1C1-MOs were observed in fish treated with CYP1C2-
MOs (Fig. 3). MsV blood flow was similar in untreated embryos and embryos injected with
CYP1C2-MO1, CYP1C2-MOQ2, and 5mis-CYP1C2-MOs. Knockdown of CYP1C2
expression by CYP1C2-MO1 and CYP1C2-MO2 prevented TCDD-induced reduction of
MsV blood flow. Injection of 5mis-CYP1C2-MOs failed to rescue the reduced blood flow in
the MsV caused by TCDD.

MsV blood flow indices ranged from 9 — 221 for control embryos, from 6 — 247 for MO-
injected DMSO embryos, and from 0 — 261 for non-injected and MO-injected embryos
treated with TCDD.

Role of CYP1C genes in the reduced mesencephalic vein blood flow caused by B-
naphthoflavone

We measured MsV blood flow in the zebrafish embryo treated with BNF, another class of
AHR agonist. We used BNF to assess the role of AHR2/CYP1Cs signaling in the reduced
blood flow response, since it was previously shown to inhibit blood flow in the MsV of the
zebrafish embryo at 50 hpf (Dong et al., 2002). As shown in Table 2, embryos exposed to
0.2 uM BNF displayed a significantly lower blood flow in the MsV. Injection of AHR2-MO
prevented the BNF-induced reduction of MsV blood flow. The 5 nucleotide-mismatch
negative control MO (5mis-AHR2-MO) failed to block the reduction of MsV blood flow
caused by BNF. Furthermore, knockdown of CYP1C1 and CYP1C2 by two different
morpholinos each, that were all effective in blocking the TCDD-induced reduction of MsV
blood flow, also significantly protected embryos against the decrease in MsV blood flow
caused by BNF. The respective 5 nucleotide-mismatch controls, 5mis-CYP1C1-MOs or
5mis-CYP1C2-MOs, did not protect against the BNF effect. Similar to the TCDD treated
embryos, MsV blood flow indices ranged from 0 — 240 for non-injected and MO-injected
embryos treated with BNF.

Developmental expression of CYP1C transcripts

Jonsson et al. (2007b) reported temporal patterns for basal and PCB126-induced expression
of CYP1C1 and CYP1C2 transcripts by quantitative real time PCR in developing zebrafish.
We determined here the temporal expression patterns for these transcripts following
exposure to TCDD and BNF, using quantitative real time PCR. Expression levels of
transcripts of CYP1C1 and CYP1C2 were normalized to EFla, a house keeping gene. As
shown in Tables 3 and 4, sharp up-regulation by TCDD was first observed for both genes in
embryos collected at 36 hpf, after which TCDD-induced expression of CYP1C1 and
CYP1C2 continued to rise, reaching maximum levels of expression at 72 hpf. Significant
increases in CYP1C1 expression were seen also in BNF-exposed embryos at 48 hpf or
earlier stages (Table 3). The transcript levels of CYP1C1 in BNF-exposed embryos at the
later developmental stages were much lower than those in the TCDD-exposed embryos. In
BNF-exposed embryos there also were significant increases in CYP1C2 transcript levels at 6
and 36 hpf (Table 4), and at 48 hpf there was a trend towards induction of CYP1C2
transcript levels, with expression 5.7-fold greater than control embryos. Overall, both
CYP1C1 and CYP1C2 mRNAs were induced by 0.5 ppb TCDD, and were induced or
showed trends toward induction with 0.2 uM BNF, at those times when these chemicals
caused a decrease in MsV blood flow.
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Spatial expression of CYP1C transcripts at 50 hpf

To investigate spatial expression patterns of CYP1C1 and CYP1C2, we performed whole-
mount in situ hybridization using 50 hpf embryos treated with either DMSO or TCDD (Fig.
4). We increased the concentration of TCDD to elicit a more robust signal in tissues
potentially having lower levels of inducible expression of the CYP1Cs. Neither CYP1C1 nor
CYP1C2 was detected in control embryos at 50 hpf (Fig. 4A and 4E). Exposure to 2 ppb
TCDD led to a striking increase in both CYP1C1 and CYP1C2 mRNA levels, especially in
branchiogenic primordia and pectoral fin buds (Fig. 4B, 4C, 4F and 4G). Knockdown of
AHR2 expression with AHR2-MO almost abolished the TCDD-induced expression of
CYP1C1 and CYP1C2 in these embryonic tissues (Fig. 4D and 4H), confirming the
regulation by AHR2 (Jénsson et al., 2007b). Despite the positive result in certain organs, we
were unable to clearly distinguish the brain blood vessels in whole mount in situ
hybridization (Fig. 4B, 4C, 4F and 4G).

To further address whether or not TCDD induces CYP1C expression in the MsV, we
conducted in situ hybridization with transverse sections of the heads only, from 50 hpf
embryos treated with either DMSO or TCDD, using radioactive DNA probes for CYP1C1
and CYP1C2, respectively (Fig. 5). Exposure to 0.5 ppb TCDD led to an increase in
expression of both CYP1Cs in the head region (Fig. 5B, 5D, 5F and 5H). The two MsVs are
easily distinguished from other vessels in transverse sections including the mesencephalon
region of the head. The increased signal in the two prominent vessels in the dorsal midbrain
(mesencephalon) resulting from TCDD treatment (Fig. 5D and 5H) correspond to the
vascular endothelium in the MsV. No other blood vessels exist in the dorsal midbrain at this
stage of development (Fig. 5J). We were not able to discern a concentration dependent
induction of CYP1Cs in the MsV at the doses used: expression patterns were similar in
embryos exposed to 2 ppb TCDD and 0.5 ppb TCDD (results not shown).

We further compared using fluorescence microscopy, transverse sections of blood vessels in
the heads of embryos exposed to TCDD with head oblique sections of flk1-egfp transgenic
zebrafish that express GFP in the vascular endothelium. Although the flk1 transgenics are on
a different genetic background than the zebrafish strain we used, the structure and
morphology of the blood vessels, including the MsV, is conserved among these strains. The
two MsVs in transverse sections (Fig. 5A—-H) are closer to the dorsal surface and to each
other than the same vessels in the oblique section (Fig. 51) because they were taken nearer to
the dorsal midline junction (see Fig. 5J). The co-localization of CYP1C mRNAs and flk1
regulated GFP protein expression confirms the vascular endothelial expression of these
proteins.

Discussion

TCDD causes a variety of endpoints of toxicity in the developing zebrafish embryo,
including pericardial edema, yolk sac edema, craniofacial malformation, and cardiac
abnormalities, as well as a reduction of peripheral circulation. The present study focused on
the reduction of MsV blood flow, one of the most sensitive endpoints caused by TCDD
(Dong et al., 2002). TCDD-induced mesencephalic circulation failure can be rescued by
antioxidants, general CYP inhibitors, and AHR2 knockdown (Dong et al., 2002, 2004),
making it useful as a model for a decrease in regional blood flow caused by AHR agonists.

The role of particular genes in developmental toxicities triggered by activation of AHR still
is unclear. Our results, using zebrafish embryos combined with knockdown by morpholino
antisense oligonucleotides, suggest the involvement of an AHR2-CYP1C signaling pathway
in the reduction of MsV blood flow caused by AHR agonists. Both TCDD and BNF caused
a decrease in blood flow in the dorsal midbrain, which was prevented by two different
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morpholinos for CYP1C1 and for CYP1C2 as well as a morpholino for AHR2, but not by
their 5 nucleotide-mismatch controls (5mis-MOs). The effectiveness of both CYP1C1-MOs
and of CYP1C2-MO2 was shown by their ability to block in vitro translation of CYP1C1
and CYP1C2, respectively. While we were unable to test the efficacy of the CYP1C2-MO1
in the same way, the close similarity of the knockdown observations with the two different
morpholinos, together with the lack of effect of their 5mis-MOs, supports the effectiveness
of the specific morpholino for CYP1C2. It should also be emphasized that induced CYP1C1
and CYP1C2 transcripts were detected in the MsV of 50 hpf zebrafish embryos treated with
TCDD using in situ hybridization with transverse sections of the heads.

Zebrafish and other fish have four CYP1 subfamilies and five genes, CYP1A, CYP1B1,
CYP1C1, CYP1C2, and CYP1D1 (Jénsson et al, 2007a; Goldstone et al., 2009; Zanette et
al., 2009). It is well known that CYPZ1A is highly induced in endothelium of the
cardiovascular tissues of fish (Stegeman et al, 1989), including heart and vasculature in early
life stages of zebrafish (Andreasen et al., 2002; Yamazaki et al., 2002; Dong et al., 2004).
However, the role of CYP1A in TCDD-induced developmental toxicities is controversial, as
knockdown of CYP1A expression prevented circulation failure and pericardial edema in one
study (Teraoka et al., 2003a), but not in another (Carney et al., 2004). Interestingly,
treatment of adult zebrafish with TCDD resulted in CYP1A induction equivalent between
mesenteric artery and liver, while the induction of CYP1C1 and CYP1C2 was more
prominent in mesenteric artery than in liver (Bugiak and Weber, 2009). In 48 hpf zebrafish
embryos, the induction response of CYP1B1 gene to TCDD was considerably lower than
that of CYP1C1 and CYP1C2 (J6nsson et al., 2007b). A new CYP1, termed CYP1D1, does
not appear to be transcriptionally activated by TCDD (Goldstone et al., 2009), and it may
contribute less to the developmental toxicities caused by TCDD. Thus, in the present study
we sought to examine the possible roles of CYP1C1 and CYP1C2 in the AHR2-mediated
vascular toxicity.

It has been reported for zebrafish and killifish (Fundulus heteroclitus) that CYP1C1 is
induced by exposure to AHR agonists both in embryos and in various tissues of adults
(Wang et al., 2006; Jonsson et al., 2007a,b; Timme-Laragy et al., 2007; Zanette et al., 2009).
On the other hand, while zebrafish embryos show induction of CYP1C2 by TCDD in this
study and in another (Jonsson et al., 2007b), only a minor response was seen in adult
zebrafish (Jonsson et al., 2007a). Minor induction of CYP1C2 also was seen in Killifish
(Zanette et al., 2009), leading the authors to suggest that CYP1C2 regulation differs from
that of CYP1C1, and from CYP1A and CYP1B1, and that there could be a silencing of the
induction response of CYP1C2 in some organs of adult fish (Jonsson et al., 2007a; Zanette
et al., 2009). As described above, in adult zebrafish TCDD exposure elicited differential
expression patterns of CYP1Cs between mesenteric artery and liver, resulting in greater
inducible expression of CYP1C1 and CYP1C2 in vasculature than in hepatocytes (Bugiak
and Weber, 2009). That result in adults, together with our findings in embryos, suggests the
vasculature is an important target for AHR agonists which induce CYP1C1 and CYP1C2,
and that induced CYP1Cs might be involved in eliciting decreased blood flow in brain blood
vessels, at least in specific veins of early zebrafish embryos.

Our previous study revealed that a reduction of MsV blood flow caused by TCDD was
rescued by several CYP inhibitors (Dong et al., 2002). At present, inhibitors specific for
either CYP1C1 or CYP1C2 have not been identified. However, rescue from the inhibitory
effect of TCDD on MsV blood flow in CYP1C1 and CYP1C2 morphants suggests that
CYP1C1 and CYP1C2 could be, in part, targets of those CYP inhibitors in the previous
study.
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We find it intriguing that knockdown of either CYP1C1 or CYP1C2 was able to prevent
almost completely the reduction in blood flow in the MsV caused by TCDD. This suggests
that while both CYP1C1 and CYP1C2 are important, they may function differently in the
abnormal phenotype. Previously we reported that inhibitors for cyclooxygenase-2 (COX-2)
and antagonists for the thromboxane receptor also provide protection against the TCDD-
induced MsV circulation failure (Teraoka et al., 2009). Whether COX-2 and activators of
the thromboxane receptor, as well as CYP1Cs act through different, possibly convergent
pathways leading to the defect is unknown.

At present, we do not have a confirmed explanation for how CYP1Cs contribute to the
reduction of MsV blood flow induced by AHR agonists. The etiology of a decrease in blood
flow in the dorsal midbrain is not known, but it might involve increases in vascular
permeability resulting from TCDD-induced oxidative stress. We previously showed that
TCDD-induced mesencephalic circulation failure was associated with an increase in
vascular permeability, and that these two endpoints were rescued by either antioxidants or
general CYP inhibitors (Dong et al., 2002). It is reported that fish CYP1A is a source of
reactive oxygen species when bound with halogenated AHR agonists (Schlezinger et al.,
1999) and TCDD increases oxidative stress partly through CYP1AL induction in primary
human aortic endothelial cells (Kopf and Walker, 2010). The possibility that CYP1Cs have
the potential to stimulate oxidative stress in the presence of TCDD resulting in decreased
blood flow in a particular vein in the dorsal midbrain warrants further investigation. On the
other hand, our results show that BNF also causes a decrease in MsV blood flow, and its
inhibitory effect on MsV blood flow was blocked by knockdown of either AHR2 or
CYP1Cs. Since BNF is known to be easily metabolized by induced CYP1s (Stegeman, J. J.,
unpublished findings), it likely does not produce oxidative stress via uncoupling of CYP1A
(or CYP1Cs), but might through other mechanisms.

Several other CYP enzymes localized in vascular smooth muscle and endothelium
participate in the regulation of vascular tone and homeostasis (Fleming, 2001, 2008), and
could be involved in toxic effects of chemicals. Among these are some prostanoid
synthesizing enzymes, including CYP2C and CYP2J subfamilies that produce
epoxyeicosatrienoic acids, and CYP8AL that synthesizes prostacyclin (PGl,) (Schildknecht
et al., 2004). We recently identified and annotated the full suite of zebrafish CYP genes, and
found 11 zebrafish genes (i.e., CYP2N13, 6 CYP2Ps, CYP2V1 and 3 CYP2ADs) that show
a fine-scale synteny with human CYP2J2 (Goldstone et al., 2010). Our recent study showed
also that thromboxane A2 synthase (CYP5A) could be a mediator of TCDD-induced
regional mesencephalic circulation failure, as knockdown of CYP5A rescued zebrafish
embryos from the decrement of MsV blood flow caused by TCDD (Teraoka et al., 2009).
However, TCDD did not cause any increase in CYP5A transcript levels when whole
embryos were assayed by quantitative real time PCR (Teraoka et al., 2009). Knockdown of
COX-2a also provided protection against the inhibitory effects of TCDD on MsV blood flow
(Teraoka et al., 2009). In medaka larvae, TCDD significantly increased COX-2 mRNA
expression and elicited pericardial edema, and knockdown of COX-2 expression, as well as
a COX-2 inhibitor, efficiently blocked TCDD-induced pericardial edema (Dong et al.,
2010). The tissue distribution patterns and regulation of these CYPs and COX-2, and their
link to vascular toxicities, as compared to the CYP1Cs, need to be examined during
zebrafish development.

In summary, we provide evidence for a functional role of both CYP1C1 and CYP1C2 in the
decrease in MsV blood flow caused by AHR agonists in zebrafish embryos. We show
further that TCDD induced CYP1C gene expression in brain vasculature, including the
MsV. CYP1C genes occur in amphibians and birds, as well as fish, but have been lost in
mammals. Thus, identifying the catalytic functions and role of CYP1Cs in AHR-dependent
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toxicity becomes important for understanding similarities and differences in the mechanisms
of AHR agonist toxicity between non-mammalian and mammalian vertebrate species.
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Fig. 1.

Efficacy and specificity of morpholinos against CYP1C1 and CYP1C2 assessed by in vitro
transcription/translation system. (A) Schematic of the proximal 5'-UTR of CYP1C1 and
CYP1C2 highlighting the morpholino target sequences. The actual start site is shown in bold
letters, while the out-of-frame ATGs (only seen in CYP1C2) are in italics. In CYP1C2,
sequences between MO1 and MO2 are omitted except the out-of-frame ATG. (B) Proteins
of zebrafish CYP1C1 and CYP1C2 were synthesized by in vitro transcription/translation
system with or without respective target morpholinos or their 5 nucleotide-mismatch
controls. The putative CYP1C1 and CYP1C2 bands were determined from the calculated
molecular weight and the mobility of the in vitro synthesized proteins relative to the
molecular weight marker proteins, and are indicated by the arrow in the left margin. Other
bands are proteins that are non-specifically produced in the TNT in vitro translation system,
as they are found in all samples including TNT reaction mixtures lacking added plasmids or
morpholinos.
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Fig. 2.

Protection from the TCDD-induced decrease in mesencephalic vein blood flow by gene
knockdown of CYP1C1. After injection of morpholino antisense oligonucleotides against
CYP1C1 (A; CYP1C1-MO1, B; CYP1C1-MO?2) or their 5 nucleotide-mismatch controls
(5mis-MOs), embryos were exposed to vehicle (DMSO) or 0.5 ppb TCDD, starting at 24
hpf. During 50-55 hpf, the number of red blood cells passing through the mesencephalic
vein (MsV) per 15 s was determined as an index of blood flow. The MsV blood flow in each
treatment group was expressed as a percentage of the non-injected control. Thirty to 50
embryos were subjected to MsV blood flow measurement for each group, as indicated by
numerical values in parentheses. Results are expressed as mean = SEM. Significant
differences in blood flow between groups were determined either by Tukey-Kramer test
along with one-way ANOVA, or by Dunn test along with Kruskal-Wallis test. Values with
different letters are significantly (p < 0.05) different.
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Fig. 3.
Protection from TCDD-induced decrease in mesencephalic vein blood flow by gene
knockdown of CYP1C2. After injection of morpholino antisense oligonucleotides against
CYP1C2 (A; CYP1C2-MO1, B; CYP1C2-MO?2) or their 5 nucleotide-mismatch controls

(5mis-MOs), embryos were exposed to vehicle (DMSO) or 0.5 ppb TCDD, starting at 24
hpf. Other conditions are the same as given in the Fig. 2 legend.
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Fig. 4.

Effect of TCDD treatment on mRNA expression of CYP1C1 (A-C) and CYP1C2 (E-G),

and of AHR2-MO treatment on the TCDD-induced expression of CYP1C1 (D) and

CYP1C2 (H) in 50 hpf zebrafish embryos assessed by whole-mount in situ hybridization.

The representative embryos shown were exposed to either vehicle (A and E; lateral view) or
2 ppb TCDD (B, D, F and H; lateral view, and C and G; dorsal view). Arrowheads in panels
B, C, F and G identify the staining regions. Length of the bar in panel A = 400 pm; the same

level of magnification was used in B-H.
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Fig. 5.

Expression of CYP1C1 (A-D) and CYP1C2 (E-H) in transverse sections of the heads of
TCDD treated and control zebrafish embryos at 50 hpf assayed by in situ hybridization, and
GFP (1) expression in vascular endothelium in an oblique section of a flk1-egfp transgenic
zebrafish. For CYP1C1 and CYP1C2 mRNA expression, embryos were exposed to either
vehicle (A, E) or 0.5 ppb TCDD (B, F), beginning at 24 hpf. The zebrafish embryo head was
transverse-sectioned for in situ hybridization within the area indicated by the red dashed
lines in J, an angiogram of blood vessels in the head region of an approximately 60 hpf
embryo, kindly provided by Isogai et al. (2001). C, D, G and H are higher magnifications of
the rectangular areas indicated in A, B, E and F, respectively. In I, an oblique section
through the head of a 50 hpf flk1-egfp transgenic zebrafish, cut as indicated by the dashed
green line in J, was fluorescently illuminated in dark field. Fluorescence is seen in
endothelium of blood vessels. The mesencephalon is bracketed in A, B, E and F, and circled
with a dashed yellow oval in I. Arrowheads in panels D, H and | identify the mesencephalic
vein. Length of the bar in panel A =200 um; the same level of magnification was used in B,
E, F and I. Length of the bar in panel C = 200 um; the same level of magnification used in
D, G and H. The two MsVs connect to the mesencephalic arteries by 2 dpf, extend dorsally
and ventrally from the anterior rostrum, and join at the dorsal midline junction, and are
distinct and well separated from other vessels in early development, as seen in J. The
position of the MsVs is consistent throughout early development, including at 50 and 60 hpf
as presented here. In I, the MsVs are deeper and farther apart, consistent with a more rostral
oblique section, and the MsVs in sections A—H are more dorsal and closer together,
consistent with the proximity of these transverse sections to the dorsal midline junction.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 June 15.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Kubota et al.

Table 1

Page 20

Sequences of morpholino antisense oligonucleotides against translation of AHR2, CYP1C1 and CYP1C2.

Target Concentration  Sequence

AHR2-MO 50 uM 5-TGTACCGATACCCGCCGACATGGTT-3'
5mis-AHR2-MO 50 uM 5-TcTAgCGATACCCCcCCGAgATGCTT-3'
CYP1C1-MO1 50 uM 5-TTCTTCCCAAAGTGTATTCTTCTGA-3'
5mis-CYP1C1-MO1 50 uM 5-TTCTTCCgAAACTCTATTCTTgTCA-3'
CYP1C1-MO2 25 uM 5-TCTTCAGTCCAAACTCAGCCTCCAT-3'
5mis-CYP1C1-MO2 25 uM 5-TCTTgACTCgAAACTgACCCTCCAT-3'
CYP1C2-MO1 50 uM 5'-TAACTCCCCATCTTAAAAACGAGCC-3'
5mis-CYP1C2-MO1 50 uM 5-ATtACTgCCCATgTTAAAAGGACCC-3'
CYP1C2-MO2 25 uM 5-GAACTCTGAATCCGACTGCGCCATG-3'
5mis-CYP1C2-MO2 25 uM 5'-GAAgTCTCAATCCCcACCCGCYATG-3'

Modified nucleotides are indicated by small letters as for 5 nucleotide-mismatch negative controls.
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Summary of effects of AHR2, CYP1C1 or CYP1C2 gene knockdown on the reduction of mesencephalic vein
blood flow caused by BNF in zebrafish embryos.

Control MOs BNF MOs + BNF
AHR2-MO 100+9.6 (2002 109 +10 (2002 51+8.2(20)> 97 10 (20)®
5mis-AHR2-MO - 104 % 9.0 (20)3 - 53 +7.0 (20)°
CYP1C1-MO1 100 £5.6 (50)2 94 +7.5(30)2 54 +5.2 (50 110+ 8.5 (30)2
5mis-CYP1C1-MO1 - 82 +6.1 (30)? 44 +8.1 (29)°
CYP1C1-MO2 100+ 6.8 (402 96+6.6 (302 45+4.8(40)> 83 +8.0 (30)°
5mis-CYP1C1-MO2 - 88 + 6.2 (30)? 53 + 8.1 (30)°
CYP1C2-MO1 100 £5.0 (302 89+6.7 (30)2¢ 59 £7.4(30)°¢ 100 £ 9.0 (29)?
5mis-CYP1C2-MO1 - 90 + 5.8 (30)2° 51+7.3(30)°
CYP1C2-MO2 100+ 6.8 (38)2 90+ 6.3 (36)? 36 +5.1(39)° 60 + 4.7 (36)°

5mis-CYP1C2-M0O2

86 + 7.1 (20)2¢

35+3.7 (29)°

Embryos were injected with morpholino antisense oligos (MOs) against AHR2, CYP1C1 or CYP1C2 at one to four cell stages. The embryos were
exposed to vehicle only (DMSO: Control) or 0.2 uM BNF from 24 hpf to 48 hpf. During 50-55 hpf, the number of red blood cells passing through
the mesencephalic vein (MsV) per 15 s was determined as an index of the blood flow. The MsV blood flow in each treatment group was expressed
as a percentage of the non-injected control. Twenty to 50 embryos were subjected to the measurement for each group, as indicated by numerical
values in parentheses. Results are expressed as mean + SEM. Significance of differences in the blood flow was determined either by Tukey-Kramer

test along with one-way ANOVA, or by Dunn test along with Kruskal-Wallis test. Values with different letters are significantly (p < 0.05)

different.
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Table 3
Relative mRNA abundance of CYP1CL1 in developing zebrafish exposed to TCDD and BNF.

Hours post fertilization ~ Control TCDD BNF
6 24+8.1 120 + 40* 190 + 74*
12 90 +43 200 + 62 230 + 120*
24 150 + 52 270+ 94 490 + 280*
36 160 + 56 3000 +1200* 4700 + 1300*
48 320 £ 170 8300 + 2200* 3400 £ 760*
72 430+130 13000 + 14000* 1100 + 610
96 430 +43 5700 + 3500* 1200 + 340

Embryos were exposed to vehicle (DMSO), 0.5 ppb TCDD or 0.2 uM BNF, and euthanized at each developmental stage for total RNA isolation.
cDNAs converted were used for quantitative real-time PCR. Elongation factor 1o (EF1c) was used as a reference gene. Units are CYP1C1
transcript/EF1o % 1,000. Results are expressed as mean + SD. N= 5 per group. Significance of differences in the mean mRNA expression levels
between control and treatment groups (i.e., TCDD or BNF) in each developmental stage was determined by one-way ANOVA followed by Dunnett
test. Asterisks indicate significant (p < 0.05) difference as compared to respective controls.
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Table 4
Relative mRNA abundance of CYP1C2 in developing zebrafish exposed to TCDD and BNF.

Hours post fertilization ~ Control TCDD BNF
6 88 +43 350 + 120* 310 +170*
12 140 + 67 270 £ 76 280 £ 210
24 320 + 140 660 + 210 300 + 280
36 350+120 2500 +1000* 2100 + 950*
48 460 £220 8200 + 3600* 2600 + 880
72 640 +280 14000 + 5900* 360 + 100
96 670 +120 7700 + 4800* 960 + 710

Embryos were exposed to vehicle (DMSO), 0.5 ppb TCDD or 0.2 uM BNF, and euthanized at each developmental stage for total RNA isolation.
cDNAs converted were used for quantitative real-time PCR. Elongation factor 1o (EF1c) was used as a reference gene. Units are CYP1C2
transcript/EF1a % 1,000. Other conditions are the same as siven in the Table 3 footnote.
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