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8 Abstract
9 Polycyclic aromatic hydrocarbons (PAHs) have been connected to developmental toxicity in the early life-stages of many species by their

10 ability to bind to the aryl hydrocarbon receptor (AHR), which dimerizes with ARNT (AHR nuclear translocator) to induce transcription of genes
11 such as CYPIAI. ARNT also dimerizes with HIF (hypoxia-inducible factor o) to induce transcription of genes such as VEGF (vascular
12 endothelial growth factor), suggesting that PAHs may interfere with transcription of VEGF by competing for ARNT. Herein, we address the
13 molecular and developmental effects of exposures to the weak AHR agonist pyrene on the early life-stages of the sheepshead minnow Cyprinodon
14 variegatus. Embryos were exposed under flow-through conditions to 0, 20, 60, or 150 ppb pyrene up to 432 hours post-fertilization (hpf). RNA
15 was extracted at 5 time points (12, 24, 48, 96, and 432 hpf) and changes in CYPI/A1 and VEGF expression were assessed by real-time RT-PCR.
16 Since few genes have been documented for the sheepshead minnow, we first cloned and sequenced CYPIAI, VEGF and internal standard 18S
17 rRNA. Pyrene significantly induced the AHR-regulated gene, CYPIA41, in a time- and dose-dependent manner, while pyrene failed to alter the
18 HIF-regulated gene, VEGF. However, VEGF was found to change during various stages of normal development in this study. Although a normal
19 hatch time (5 dpf) was observed for all treatments, pyrene-treated embryos showed dose-dependent abnormalities such as severe dorsal body
20 curvature, mild pericardial and yolk-sac edema, and increased mortality. Taken together, these data indicate that embryonic exposure of
21 sheepshead minnows to pyrene disrupts normal development and alters expression of an AHR/ARNT-regulated gene. In addition, embryonic
22 exposure to pyrene failed to provide evidence of possible AHR-HIF pathway cross-talk since developmental expression of VEGF was unaltered.
23 © 2007 Elsevier Inc. All rights reserved:

24
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27 1. Introduction contamination. Since the early life-stages of many fishes take 38
place in estuarine ecosystems, where PAH compounds are likely 39

28 Polycyclic aromatic. hydrocarbons (PAH) are ubiquitous  to be found, the occurrence of these environmental stressors in 40

29
30

environmental contaminants that are primarily generated
through anthropogenic. activities such as incomplete burning
of fossil fuels, oil, wood, and organic matter. They primarily

coastal waters may cause developmental and physiological 41
toxicity to the early-life-stages of many marine species. 42
Organic contaminants that are primarily composed of PAHs 43

32 enter the water column through land-based runoff (National have been connected to developmental toxicity in the early life- 44
33 Research Council, 2003) and get trapped within the sediments stages of many mammalian species by their ability to bind to the 45
34 due to their hydrophobic nature. Disturbance of sediments will ~ aryl hydrocarbon receptor (AHR) (reviewed by Hahn, 2002). The 46
35 cause the release of the contaminants directly into the water =~ AHR is a ligand-activated transcription factor characterized by a 47
36 column; therefore, marine animals that spend portions of their ~ basic helix-loop-helix motif and PAS (Per/ARNT/Sim) domain 48
37 lives on or near the bottom may be directly subjected to the PAH (Safe etal., 2000). Upon ligand binding, the AHR will translocate 49
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to the nucleus where it will heterodimerize with the AHR nuclear 50
translocator (ARNT). This heterodimer complex can then bind to 51
xenobiotic response elements (XREs) or dioxin response 52
elements (DREs) located in the promoter region of various target 53
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genes, such as CYPIAI, CYPIA2, or CYPIBI (Denison et al.,
2002; Nebert et al., 2000-Sehmidtand Bradfield; 1996), resulting
in alterations in gene expression.

AHR’s partner protein ARNT can also recognize the
transcription factor hypoxia-inducible factor 1-a (HIF 1-at)
(Semenza, 1999). Once activated, the HIF 1-o/ARNT dimer
complex can bind to hypoxia response elements (HREs) in target
genes, such as erythropoietin (EPO) (Semenza and Wang, 1992),
vascular endothelial growth factor (VEGF) (Forsythe et al.,
1996; Semenza, 2000) and heme oxygenase (Lee et al., 1997;
Morita et al., 1995). VEGF has been characterized in various
teleost fish such as Danio rerio (zebrafish) and Fugu rubripes
(pufterfish) (Gong et al., 2004), in Xenopus laevis (African
clawed frog), Gallus gallus (chicken), and mammals (Holmes
and Zachary, 2005). It takes on the crucial role of vascularization
in embryonic development and can induce angiogenesis by
controlling the growth and formation of blood vessels both in
normal development and in ischemic or inflamed tissues, such as
during tumor growth or tissue repair (Holmes and Zachary,
2005). Recently, Ivnitski-Steele and Walker (2003) showed a
reduction in VEGF mRNA and protein expression in TCDD-
treated chicken embryo hearts. In contrast, Prasch et al. (2004)
demonstrated a significant increase in transcription of the HIF-
regulated gene, heme oxygenase, in TCDD-treated embryonic
zebrafish. Since hypoxia-induced genes appear to be altered by
AHR ligands, and since ligand-activated AHR may sequester
ARNT from HIF-mediated pathways, we wanted to determine if
a weaker AHR agonist could alter VEGF expression in
embryonic fish.

While stronger AHR agonists such as benzo[a]pyrene (BaP) or
2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) are generally used as
compounds for toxicity studies, we chose to use the common PAH
pyrene, because it has been found at high concentrations in coastal
estuarine sites that have been affected by creosote and other
hazardous environmental pollutants which may directly influence
marine and estuarine animals (US EPA; 2000, 2006). In fish
species, pyrene is considered to be a far weaker AHR agonist than
other more potent PAHs such as BaP (Barron etal., 2004). In spite
of this, pyrene-induced developmental toxicity should reflect its
ability to activate the AHR pathway given that toxic responses to
PAHs in other species have been a direct result of the compound’s
ability to activate AHR (Nebert et al., 2000). Supporting this
notion, Incardona et al. (2004) demonstrated that zebrafish
embryos exposed to pyrene exhibit toxicity endpoints similar to
stronger PAHs, such as pericardial edema, failed swim bladder
inflation, anemia, and mortality. Further resembling the effects of
other AHR agonists, CYPIA levels were elevated in adult
mummichogs (Fundulus heteroclitus) when exposed to pyrene
(Roling et al., 2004).

In embryonic fish, little is known about the individual effects
of PAH compounds and the mechanisms that underlie their mode
of action. Zebrafish are generally used as the model organism
since a functional AHR pathway has already been identified for
this species (Andreasen et al., 2002a). For this current study, we
chose to use Cyprinodon variegatus, a small teleost fish
indigenous to the Atlantic and Gulf coasts of the United States.
Due to its chemical sensitivity and its ability to be easily bred and

reared in laboratory conditions, the Environmental Protection 111
Agency (EPA) has adopted the sheepshead minnow as the 112
standard laboratory test organism for studying pollution levels in 113
effluents discharged into marine and estuarine waters (US EPA, 114
2002). However, despite its importance as an estuarine small fish 115
model for toxicity testing, little information exists regarding the 116
developmental/molecular responses during PAH exposure. More 117
specifically, there have been few if any reports pertaining to the 118
effects of the AHR agonist pyrene on the embryonic or larval 119
stages of any estuarine-resident species. Since eggs laid by these 120
daily spawners are often dispersed in substrata on or near the 121
estuarine floor (Kuntz, 1916), PAH exposure may pose a potential 122
risk to C. variegatus embryonic development. To address these 123
issues, this current study utilized real-time RT-PCR to assess 124
genes altered in the pyrene response of the embryonic sheepshead 125
minnow. In addition, we examined the developmental toxic 126
effects of exposures to pyrene both in the embryonic and larval 127
stages to illustrate the potential consequences of long-term pyrene 128
exposure (432 hpf) on the early-life-stages of C. variegatus. 129

2. Materials and methods 130
2.1. Test animals 131

Sheepshead minnows (C. variegatus) are small (35-50 mm) 132
oviparous euryhaline fish that are indigenous to the Atlantic and 133
Gulf of Mexico coasts of the United States. Lab-reared 134
C. variegatus used for cloning and sequencing were from original 135
broodstock obtained from the Environmental Protection Agency 136
in Gulf Breeze, FL. Wild-caught adult sheepshead minnows used 137
in the pyrene exposure were collected from estuarine waters in 138
Davis Bayou (30°23'04.51”"N; 88°46'05.57"W; Ocean Springs, 139
MS). Fish used in this study were ~ 1-2 years old. All fish were 140
maintained at 27 °C in 15 g/L salinity artificial seawater (Fritz, 141
Mesquite, TX) for at least 7 d prior to test initiation. Embryos were 142
obtained via means of artificial fertilization according to the 143
procedures described by the US EPA (2002). Fertilized eggs were 144
collected within 1 to 1.5 h post-fertilization (hpf), pooled, and 145
placed into clean, artificial seawater. Embryos used in this study 146
were kept under 16 h:8 h light:dark conditions for 432 hpf and 147
tank pH, temperature, salinity, and DO (~8 mg O,/L) were 148
monitored daily for all treatments. 149

2.2. Fish sacrifice and total RNA isolation for cloning 150

All fish were euthanized by a brief cold shock (~1-5 min) 151
followed by rapid decapitation. Fish used in CYPIAI cloning 152
were exposed to 200 ppb pyrene for 24 h under flow-through 153
conditions (Manning et al., 1999) prior to tissue extraction. All 154
excised liver and heart tissue samples were placed in 1 mL of 155
RNAlater (Ambion, Austin, TX, USA) and stored at 4 °C. For 156
isolation of total RNA, liver and heart tissue samples were 157
homogenized in 750 pL of RNA-STAT 60 reagent (Tel-Test, 158
Friendswood, TX, USA). Following homogenization, RNA was 159
extracted by 2 rounds of reagent treatment according to the 160
manufacturer’s instructions. Following the second extraction, 161
RNA was precipitated overnight in 100% isopropanol, pelleted 162
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at 12,000 xg at 4 °C for 1 h, and washed twice in 75% ethanol.
The washed RNA pellets were then resuspended in 50 L RNA
storage solution (Ambion) and subjected to TURBO DNase |
(Ambion) treatment to avoid amplification of contaminant
genomic DNA. Following DNase treatment, all total RNA was
precipitated overnight in 3 M NaOAc and 100% ethanol,
pelleted at 12,000 xg at 4 °C for 30 min, and washed with 75%
ethanol. The washed pellets were then resuspended in 50 pL of
RNA storage solution (Ambion). The purity and quantity of the
resulting RNA were determined using the NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). All total RNA samples used in this study possessed a
260/280 nm ratio greater than 1.8. To further confirm the purity
and integrity of the total RNA, each sample was analyzed using
the 2100 Bioanalyzer and RNA 6000 Nano Chip kit (Agilent
Technologies, Palo Alto, CA, USA). All samples used in this
study possessed distinct bands with a 28S/18S ratio greater than
1.0. All total RNA samples were stored at —80 °C until use.

2.3. Reverse transcription and PCR amplification for cloning

First-strand cDNA was produced from 2 pg of total RNA for
each sample using Superscript 1st-Strand ¢cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA, USA) with random hexamer primers in
20 pL volumes according to the manufacturer’s instructions. RNase
H (1 pL) (Invitrogen) was used to remove any last traces of RNA.
First-strand ¢cDNA was amplified using degenerate (CYPIA,
VEGF, AhR) primers (Table 1) designed from conserved
nucleotide sequences identified using Clustal W.version 1.7
multiple sequence alignment program, or from amino acid
sequences using the Block Maker (Henikoff et al., 1995) and
Consensus-Degenerate Hybrid Oligonucleotide Primers program
(CODEHOP; Rose et al., 1998). QuantumRNA. Universal 18S
Internal Standards were used as primers for 18S rRNA (Ambion).
Briefly, 2 pL of the reverse transcribed product was added to
17.75 pL sterilized water, 2.5 uLL 10xPCR Buffer, 0.5 pL 10 mM
dNTP mix, 0.25 pL Taq polymerase and 1 pL. 10 uM each of
forward and reverse primer (Table 1). PCR for each gene’s primers
were set up as follows: pre-denature at 94 °C for 1 min, (denature:
94 °C for 30 sec, anneal:melting temperature of desired primers for
30 s, extend: 72 °C for 1 min) x 35 cycles, then 5 min at 72 °C, and
hold at 4 °C. Two successive PCRs were used for each gene of
interest except 18S rRNA. One PCR for the isolation of 18S rRNA

was utilized with an annealing temperature of 60 °C. For 4HR, 204
CYPIA, and VEGFs first PCR, a gradient of twelve annealing 205
temperatures was used with their corresponding forward and 206
reverse primers (Table 1). A gradient of 43 to 60 °C was applied to 207
the AHR primers, while gradients of 55 to 65 °C and 49 to 59 °C 208
were chosen for VEGF and CYPIA genes, respectively. Each 209
gene’s second PCR, forward and nested reverse primers (Table 1) 210
were used and applied to 2 pL of the PCR product from the first 211
PCR. An annealing temperature of 55 °C was chosen for AHR and 212
VEGF’s second PCR, while a temperature of 49 °C was used with 213
CYP14 primers. Five-microliter aliquots of each reaction were then 214
analyzed on 1.5% agarose gels. 215

2.4. Cloning and sequencing of PCR-amplified cDNA 216

PCR products (50  pL. reactions) were separated by size 217
through electrophoresis on 2% agarose gels. Desired bands were 218
excised under UV light and gel purified using QIAquick Gel 219
Extraction Kit (QIAGEN). Purified products were ligated into the 220
pGEM-T® Easy Plasmid/Vector System (Promega) with T4 DNA 221
ligase. JIM109 High Efficiency Competent Cells (Promega) were 222
transformed with 2 L of ligation mixture and plated on LB-Amp 223
plates containing X-gal and IPTG. White (positive) colonies were 224
selected for extraction/purification of vector DNA using Wizard® 225
Plus Minipreps DNA Purification System (Promega). Purified 226
vectors were screened for the appropriate insert by restriction 227
digestion with EcoRI followed by agarose gel (1.5%) electro- 228
phoresis. Clones containing the appropriate insert were selected 229
and sequenced using the CEQ 8000 DNA Sequencer (Beckman 230
Coulter, Fullerton, CA, USA) according to the manufacturer’s 231
instructions. All sequences were Blast searched in order to 232
confirm that each sequence corresponded to the gene of interest. 233

2.5. Waterborne exposure of embryos to pyrene 234

Pyrene (98% purity) was purchased from Acros Organics and 235
dissolved in dimethylsulfoxide (DMSO) (>99% purity) to give a 236
final concentration of 2 mg/L DMSO. 2500 sheepshead minnow 237
embryos (~4 hpf) were exposed to seawater, vehicle (0.1% 233
DMSO), or nominal concentrations of pyrene (20, 60, and 239
150 pg/L) in 5 gallon glass tanks using a semi-flow-through 240
exposure system (4500 mL additions/tank/h or 95% replace- 241
ment/tank/d) similar to that described by Manning et al. (1999). 242

Table 1

Degenerate primers utilized in cloning and-sequeneing

Gene name Symbol Primer Sequence (5'—3") T,. (°C)

Aryl hydrocarbon receptor AHR Forward AARTCSAAYCCNTCCAAACG 543
Nested reverse GTKCKKATCTCCARNATGGA 53.0
Reverse GCTGCATGGATGAACTGATA 52.6

Cytochrome P450 1A CYPIA Forward GTNGCNAAYGTNATHTGYGG 53.8
Nested reverse CARTGNGGDATNGTRAANGG 53.0
Reverse CATNGTNARNCCRTAYTCNGG 54.1

Vascular endothelial growth factor VEGF Forward CGAGATGCTGGTGGACATCTTHCARGARTAYC 62.4
Nested reverse GCACTTGCAGGTCTGGGGRTCYTGNAC 65.7
Reverse CCGGCAGGTCCGCTCRTTNARYTC 63.9

Comp. Biochem. Physiol. (2007), doi:10.1016/j.cbpc.2007.09.011
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Embryos were randomly separated into 4 replicate tanks for each
exposure group (seawater, vehicle, pyrene at 20, 60, and 150 pg/
L) at a density of 125 embryos/tank, for a total of 20 aquaria for
the 5 individual treatments. Embryos were retained in embryo
cups constructed from 350 micron nylon mesh screen siliconed
to a Petri dish (13.5 x 10 cm). Each cup contained 25 embryos. At
12, 24, 48, 96, and 432 hpf, twenty-five embryos from each tank
were removed from the water and served as sources for total
RNA. Embryos were observed every twenty-four hours and
scored for the presence/absence of yolk-sac/pericardial edema,
dorsal body curvature, and abnormal growth in the head and
trunk region using a Leica MS5 dissecting microscope (Leica,
Bannockburn, IL, USA) and Sony DSC F-717 CyberShot digital
camera (Sony, New York, NY, USA). For observations, embryos
were removed from the tanks, scored in their surrounding water,
and returned to the test system within 5 min. Prior to termination,
digital images were taken at 432 hpf (18 dpf) of all remaining fry
using a Panasonic GP-KR 222 digital camera (Panasonic,
Secaucus, NJ, USA) fitted with a TV Zoom Lens F2.5 (18—
108 mm). Standard length measurements were then obtained
from the digital images using Image Processing and Analysis in
Java.

2.6. Total RNA isolation for pyrene exposure

All fry (432 hpf) were placed in 1 mL RNAlater (Ambion)
and stored at 4 °C. RNA was extracted and analyzed as
previously described. Final pellets were resuspended in 10 pL
RNA storage solution (Ambion). All total RNA samples were
stored at —80 °C until use.

2.7. Real-time RT-PCR

Relative levels of CYPIAI and VEGF in pyrene-treated
embryos and fry were measured using Q-PCR. First-strand
cDNA was produced as described above. Aliquots (2 pL) of the
resulting RT reactions were then subjected to real-time RT-PCR
using an iCycler thermal cycler (Biorad, Hercules, CA, USA),
the appropriate gene-specific primers, and SyBr Green Super-
mix kit (Biorad) according to the manufacturer’s instructions.
Real-time RT-PCR reaction conditions were set up as follows:
pre-denature at 94 °C for 1.min, (denature: 94 °C for 30 s,
anneal: 56 °C for 30 s, extend: 72 °C for 1 min) x 35 cycles, then
5 min at 72 °C, and hold at 4 °C. For normalization, real-time
RT-PCR was conducted with primers for 18S Ribosomal RNA
(18S rRNA) for each sample. Each target gene’s Ct values came
out within ~ 10 cycles of the 18S gene, demonstrating that each
gene was more or less present in similar overall abundances.
Samples were run in duplicate for each primer set with each

Table 2
Gene specific primers utilized in quantitative real-time RT-PCR

reaction having a total volume of 50 pL. Sense and antisense 288
gene-specific primers were designed from the cloned sequences 289
previously described using Beacon Designer 2.0 software 290
(Primier Biosoft International) (Table 2). A standard curve for 291
each gene was performed by pooling cDNA samples and 292
analyzing a 1:5 dilution series. The relative starting quantity 293
(SQ) of each sample was assessed against the standard curve for 204
that gene and compared to the internal housekeeping gene 18S 295
rRNA (Achenbach et al., 2004). 296

2.8. HPLC analysis of pyrene 297

Pyrene was measured in water samples taken from all aquaria 298
prior to test initiation. For the exposure, pyrene was measured by 299
taking water samples from two aquaria per treatment twice 300
weekly (4 measurements/treatment/week). Pyrene was measured 301
using a Beckman HPLC System Gold 126 equipped with a C-18 302
reverse phase column (4.6 mmx25 cm), which was developed 303
using 90% acetonitrile at a flow rate of 0.8 mL/min for 16 min. 304
Pyrene in the column effluent was detected with a Jasco FP-920 305
fluorescence detector (Easton, MD) using an excitation wave- 306
length of 235 nm and an emission wavelength of 390 nm. 307
Acetonitrile (HPLC grade) was purchased from Fisher Scientific 308
and was reported by the supplier to be at least 99.9% pure. The 309
solvent was diluted to 90% using filtered nanopure water prior to 310
test runs. 311

The instrument was calibrated with an 8-point curve using 312
standards (1, 5, 10, 25, 50, 100, 150, and 200 ppb) prepared from a 313
2000 ppm pyrene stock solution and filtered dilution water. The 314
pyrene concentration was calculated with x=(y—z)/m, where x is 315
the water sample, y is the area under the pyrene peak, z is the 316
intercept, and m is the slope of the curve. 317

2.9. Statistics 318

All statistical analyses and graphing were done with SPSS 319
13.0, SigmaStat 3.1, and/or Microsoft Excel SP2 for Windows. 320
Biological endpoints i.e. % hatch,% survival (pre- and post- 321
hatch), % developmental abnormalities, and standard length 322
measurements were arcsine square root transformed (arcsine (vx)) 323
before determining significant differences. Kruskal-Wallis (KW) 324
ANOVA on Ranks was performed to evaluate differences in 325
standard length measurements based on individual treatment 326
groups, followed by Dunn’s post-hoc test. Percent hatch and % 327
survival (pre-and post-hatch) were analyzed via ANOVA or KW 328
ANOVA on Ranks followed, by Tukey or Student—Newman— 329
Keuls (SNK) post-hoc test. Q-PCR data normally distributed and 330
with homogeneity of variance were assessed via ANOVA, 331
followed by Tukey or Dunnett post-hoc tests. Q-PCR data with 332

Gene name Symbol Product length (bp) GenBank ID Sense primer (5'—3) Anti-sense primer (5'—3")

18S ribosomal protein 18S rRNA 101 EF535030 GCTGAACGCCACTTGTCC ATTCCGATAACGAACGAGACTC
Cytochrome P450 1A CYPIA1 139 EF535032 GCAGATTAACCACGACCCAGAG GCATCGCCTCCTTCCTAAGC
Vascular endothelial, VEGF 105 EF535031 AGCACATCTTTATCCCATCCTG CCATTGTGACGTTACGAGTTTC

Comp. Biochem. Physiol. (2007), doi:10.1016/j.cbpc.2007.09.011
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heterogeneity of variance and/or not normally distributed were
assessed via KW ANOVA on Ranks, followed by SNK post-hoc
test. Results are presented as mean=SEM. In all cases, a p-
value <0.05 was regarded as significantly different from control.

3. Results and discussion

3.1. PCR amplification, cloning and sequencing of AHR2,
VEGF, CYP1Al, and 18S rRNA

The primary goal of this research was to determine if pyrene
could activate the AHR pathway, and induce CYP/A expression in
embryonic sheepshead minnows, with concomitant increase of
developmental toxicity. Since few genes have been described for
the sheepshead minnow, we first cloned and sequenced fragments
of sheepshead minnow AHR2, CYPIAl, VEGF, and 18S rRNA
genes using degenerate primers based on sequences of
corresponding genes in other fish and mammalian species (Table 1).

The AHR gene was cloned and sequenced in order to
ascertain that the AHR2 isoform that serves as the PAH and
TCDD receptor in other fish species (Andreasen et al., 2002a;
Tanguay et al.,, 1999) was present in C. variegatus. The
sequence of the other genes was used for the design of gene-
specific primers for Q-PCR. PCR amplification products of 688,
281, 516, and 322 bps were obtained for AHR2, VEGF,
CYPIAI, and 18S rRNA genes, respectively. NCBI Blastx
search confirmed that each translated nucleotide sequence
corresponded most closely to partial amino acid sequences of
AHR2, VEGF, CYP1A1 from other fish species. " The AHR2
sequence of C. variegatus (GenBank Accession no. EF535033)
was most similar to the AHR2 amino acid sequence of F
heteroclitus (mummichog; 93% identities). The VEGF se-
quence of C. variegatus (GenBank Accession no. EF535031)
most closely resembled the VEGF amino acid sequence of
Epinephelus coioides (orange-spotted grouper; 77% identities).
The sequence of CYP1A1 (GenBank Accession no. EF535032)
was most similar to CYPIA1 amino acid sequences of Kryp-
tolebias marmoratus (mangrove rivulus; 90% identities), and F.
heteroclitus (mummichog; 90% identities). 18S rRNA of C.
variegatus (GenBank Accession no. EF535030) showed 96%
identity with 18S nucleotide sequence of several fishes.

3.2. Specificity and efficiency analysis of gene specific primers

Using the determined sequences, sense and antisense gene-
specific primers were designed for VEGF, CYPIAI, and 18S
rRNA genes, respectively (Table 2).

To determine the specificity of each primer set, cDNA (2 puL)
of C. variegatus was PCR amplified and electrophoresed on a
1.5% agarose gel. 18S rRNA, VEGF, and CYP1Al PCR
products showed single bands with the size of each band
corresponding to the predicted values. To verify the PCR
efficiency of each primer set, real-time RT-PCR was performed
using 5 fivefold cDNA dilutions. The correlation coefficient of
each standard curve was ~0.998. The PCR efficiency,
calculated from the slope of each standard curve, was 102.3%
(18S), 101.4% (VEGF), and 93.4% (CYPIAI).

3.3. Pyrene concentrations 385

Embryonic sheepshead minnows, within 4 hpf, were 386
exposed to seawater, vehicle, 20, 60, or 150 ppb pyrene for 387
432 hpf. Analyzed water samples overall showed small 388
oscillations in pyrene concentrations. The average measured 339
concentrations of the three exposure treatments (16.3, 42.6, and 390
117.4 ppb) were 19-29% lower than the targeted nominal 391
concentrations of 20, 60, and 150 ppb; however, all three 392
treatments increased in a statistically significant manner with 393
dose (Table 3). 394

Reduced pyrene concentrations in the water may be due to 395
photo-degradation of the pyrene stock solution, absorption by 396
the embryos or larvae, or adsorption to the glass aquaria, 397
delivery lines, or other parts of the test system. 398

3.4. Effect of pyrene exposure on PAH-inducible gene 399
expression 400

To examine if pyrene could activate the AHR pathway, 401
expression of the PAH-inducible gene, CYPI1A1, was measured 402
in embryos treated with seawater, vehicle, or pyrene (20, 60, 403
150 ppb) starting at ~4 hpf for 432 hpf. Since it is not known 404
when during development the AHR/ARNT pathway in 405
sheepshead minnows is established, expression levels were 406
measured both in the embryonic (12, 24, 48, 96 hpf) and larval 407
(432 hpf) stages. 408

Although pyrene is considered to be a far weaker AHR agonist 409
than other potent AHR ligands in fish (Barron et al., 2004), 410
pyrene-induced developmental toxicity should reflect its ability to 411
activate the AHR pathway given that PAH-mediated toxic 412
responses in other species have been a direct result of the 413
compound’s ability to activate the AHR (Nebert et al., 2000). In 414
zebrafish, medaka, and lake trout, CYPIA is highly inducible 415
following embryonic exposure to TCDD (Andreasen et al., 2002b; 416
Guiney et al., 2000). Thus, we chose CYPIA to serve as a 417
biomarker of AHR activation in pyrene-exposed sheepshead 418
minnow embryos. In all instances, seawater and vehicle treatments 419
showed no significant differences in CYPIAl expression; 420
therefore, for all time points, expression of CYPIAI was solely 421
based on differences between vehicle and pyrene treatments. Real- 422
time RT-PCR showed that CYPI1 A1 was a pyrene-inducible gene 423
both in the embryonic and larval stages as early as 24 hpf (Table 4). 424

Interestingly however, CYPIAl was undetectable for all 425
treatment groups regardless of pyrene dosage at 12 hpf. It was 426

Table 3 t3.1
Measured pyrene concentrations in the water after exposing embryonic
sheepshead minnows for 432 hpf t3.2

Nominal pyrene concentration (ppb) ~ Measured pyrene concentration (ppb) t3.3

Seawater Not detected t3.4
Vehicle Not detected t3.5
20 16.3+6.4 t3.6
60 42.6+7.9 £3.7
150 117.6+14.3 £3.8

Data are expressed as mean+standard deviation (#=20). Each measured pyrene
concentration is statistically different from all other pyrene treatments as
determined by ANOVA, followed by Tukey post-hoc test (p <0.05). 3.9
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Table 4

CYPI1A1 normalized fold-change of pyrene-exposed C. variegatus

Time DMSO 20 ppb pyrene 60 ppb pyrene 150 ppb pyrene
12 nd nd nd nd

24 1.00+0.4 2.92+1.9 6.18+1.1° 523+£25°%

48 3.37+£0.4" 6.54+1.1" 8.67+£1.3" % 19.30+4.5 2°

35.90+7.7 % 88.80+22 ¢
182.00+36 ¥ m

18.30+5.6
79.10£27 * ¥

96 6.15+£0.9
432 4590+£3.2 %

CYP1A1 normalized fold-change measured using Q-PCR relative to 12 hpf
DMSO treatment. Data is presented as mean starting quantity (SQ) [CYP1A1/
18S] (n=4).

m — 100% mortality before conclusion of exposure at 432 hpf.

nd — not detected by Q-PCR.

Changes among treatments at same time points:

a Significantly different from same day DMSO treatment.
b Significantly different from same day 20 ppb pyrene treatment.
N Significantly different from same day 60 ppb pyrene treatment.

Changes within treatments over time:

* Significantly different from same treatment at 24 hpf.
Y Significantly different from same treatment at 48 hpf.
% Significantly different from same treatment at 96 hpf.

not until 24 hpf, that results showed a dose-dependent
relationship with increasing CYPIAI expression among pyrene
treatment groups. At 48 hpf, CYPIA] expression was up-
regulated 1.9-, 2.6-, and 5.7-fold in the 20, 60, and 150 ppb
treatments, respectively, relative to same day vehicle control.
The pyrene-dependent induction continued to increase over
time, so that at 96 hpf the 20, 60, and 150 ppb pyrene-treated
groups showed CYPIAI levels that were induced 3-, 5.8-, and
14.4-fold over same day vehicle-treated controls. Prasch et al.
(2004) showed a similar pattern in CYP1A/ induction by TCDD
in zebrafish (D. rerio) embryos at 48 and 96 hpf, although a
greater overall fold-induction was documented. Similarly,
CYPIAI levels were elevated in adult mummichogs (F
heteroclitus) when exposed to 50 ppb pyrene for 7 days (Roling
et al., 2004).

Concurrent with an increase in CYPIA! expression with
increasing pyrene doses; both pyrene-treated embryos and
vehicle controls showed significant increases in CYP1A1 levels
over time of exposure, with.the largest fold-induction (~17-
fold) occurring in the highest dosage group (150 ppb pyrene)
from 24 to 96 hpf (Table 4). In fish, steroid levels increase with
development; therefore, increases in CYP/AI expression in
vehicle-treated embryos with time may be potentially related to
the gene’s endogenous role in steroid metabolism (Brooks,
1995). Although previous studies have determined that pyrene
is a weaker AHR ligand than other environmental contaminants,
it was still able to induce CYP/A41 at low concentrations (20 ppb
pyrene) in embryonic C. variegatus in the current study,
indicating that pyrene binds to and activates the AHR.

3.5. Effect of pyrene exposure on hypoxia-inducible gene expression

In vertebrates, hypoxia in sifu can occur during anemia or
from the external environment (i.e. water) when dissolved

oxygen is <2 mg/L (Brauner and Wang, 1997). Found in 459
vertebrates and invertebrates, the vascular endothelial growth 460
factor gene (VEGF) plays a significant role in regulating 461
angiogenesis (Zetter, 1998) during prolonged tissue hypoxia. 462
Unlike the CYPIAI gene that is up-regulated when the 463
transcription factor AHR binds to the ARNT protein, VEGF 464
is induced when the transcription factor HIF-la heterodi- 465
merizes with the ARNT protein. Since ARNT is a general 466
dimeric partner for both pathways, the pyrene-activation of the 467
AHR pathway may in turn disrupt the HIF pathway, resulting in 468
decreased VEGF expression. Thus, we chose to measure the 469
relative expression of VEGF in pyrene-exposed sheepshead 470
minnow embryos and larvae. In all instances, seawater and 471
vehicle treatments showed no significant differences in VEGF 472
expression (data not shown); therefore, for all time points, 473
expression of VEGF was based on differences between vehicle 474
and pyrene treatments. Q-PCR showed that VEGF expression 475
increased significantly in a time-dependent manner for vehicle 476
treatments (Table 5). 477

Relative to 12 hpf, VEGF was induced approximately 5-fold 478
in sheepshead minnow embryos exposed to vehicle for 432 hpf. 479
The hypoxia-inducible gene VEGF is thus transcribed under 480
conditions where the external environment is normoxic, suggest- 4s1
ing that the oxygen tension in developing tissues is reduced to a 482
level that prevents HIF degradation resulting in VEGF transcrip- 483
tion. These findings indicate that VEGF is involved in 484
development of the vascular system of C. variegatus larvae in 4s5
normoxic waters. Treatment with pyrene did not reduce the 486
endogenous/developmental induction of VEGF over time during 487
exposure. Similar to the vehicle control at 96 hpf (3-fold), VEGF 4838
was induced approximately 3-, 2-, and 3-fold in embryos exposed 489
to 20, 60, and 150 ppb pyrene, respectively, relative to 12 hpf. 490

While we found no significant differences in VEGF regulation 491
among pyrene treatment groups (Table 4), other studies have 492
shown the opposite. Ivnitski-Steele and Walker (2003) showed a 493
reduction in VEGF mRNA and protein expression in chicken 494
embryo hearts after TCDD exposure. Prasch et al. (2004) also 495
found dissimilar results for the hypoxia-inducible gene, heme 496

Table 5 th.1
VEGF normalized fold-change of pyrene-exposed C. variegatus £5.2
Time DMSO 20 ppb pyrene 60 ppb pyrene 150 ppb pyrene t5.3
12 1.00+£0.2 1.19+0.2 1.51+£0.2 1.11+£0.3 t5.4
24 1.47£02% 1.56+0.2 % 1.83+0.2 % 1.72+0.1 Y £5.5
48 2.24+0.5™ 2.50+0.3 ™ 2.72+0.3 ™ 3.15£04 ™ t5.6
96 3.13£03 ™Y 330+£1.0™Y 3.16£0.2 ™Y 338+£0.5™  t5.7
432 536+£0.7 Y% 515+£13 ™Y 7.08+1.2"Y* m 5.8

VEGF normalized fold-change measured using Q-PCR relative to 12 hpf DMSO
treatment. Data is presented as mean starting quantity (SQ) [VEGF / 18S] (n=4). t5.9
m — 100% mortality before conclusion of exposure at 432 hpf. t5.10
No significant differences were found among treatments at any of the five time
points, as determined by ANOVA.

Changes within treatments over time:

£5.11

W significantly different from same treatment at 12 hpf.
X significantly different from same treatment at 24 hpf.
Y significantly different from same treatment at 48 hpf.
z significantly different from same treatment at 96 hpf. t5.12
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Fig. 1. Percent hatch of pyrene-treated embryos. Treatment groups are: vehicle,
20, 60, and 150 ppb pyrene. Embryos (100 embryos/treatment/time point) were
treated with pyrene (20, 60, 150 ppb) or vehicle within 4 hpf for 18 dpf. Data
represent the percent hatch for each treatment group and are expressed as mean=+
standard error (n =4 tanks/treatment). “a” indicates significant difference from
vehicle, 20 ppb pyrene treatment, and 60 ppb pyrene treatment, as determined by
Kruskal-Wallis ANOVA on Ranks followed by Tukey post-hoc, where p <0.05.

oxygenase. Results demonstrated that heme oxygenase was
significantly up-regulated in TCDD-treated zebrafish embryos at
48 hpfunder normoxic conditions. In the same study, Prasch et al.
(2004) also showed that TCDD did not reduce hypoxia mediated
induction of heme oxygenase. Thus, while it appears that
expression of hypoxia-inducible genes can be altered by AHR
ligands (TCDD), we demonstrated that pyrene does not alter
VEGF expression in embryonic sheepshead minnows. Since HIF
protein is degraded under normoxic conditions, with HIF mRNA
being more or less constant in higher terrestrial vertebrates, it
might be argued that increased transcription of VEGF in C.
variegatus during development is mediated by transcription
factors other than HIF/ARNT, which may explain why pyrene
does not affect VEGF transcription. However, several recent
studies show that HIF protein in fish may occur at much higher
oxygen levels than in higher vertebrates. HIF-1 « protein
accumulates in rainbow trout and Chinook salmon cells
maintained in 5% 02, an-oxygen tension typical of venous
blood in normoxic animals, suggesting a role for oxygen
dependent gene regulation not only during environmental
hypoxia, but also in the normal physiology of these fish (Soitamu
et al., 2001). In addition, HIF-1«, 2c, and 4 mRNA in fish are
up-regulated in hypoxia, suggesting transcriptional, in addition to
post-translational control of HIF in fish (Rahman and Thomas,
2007; Law et al., 2006). Taken together, our results could simply
indicate that under our experimental conditions (i.e., exogenous
activation of the AHR pathway) there is no competition between
AHR and HIF for ARNT heterodimerization, since the numbers
of ARNT proteins are likely sufficient for normal developmental
HIF-signaling.

3.6. Effect of pyrene exposure on hatch success and survival

Embryonic C. variegatus, exposed to seawater, vehicle, 20,
60, or 150 ppb pyrene for 432 hpf were also scored for 1)
delayed hatching and hatch success, 2) survival (pre- and post-
hatch) up to 432 hpf, and 3) developmental toxicity including

yolk-sac/pericardial edema, skeletal defects such as lordosis, 532
scoliosis, and kyphosis (dorsal body curvature), and retarded 533
growth in the head and trunk region of FO generation fry. 534
Embryos/larvae were removed with their surrounding water for 535
observations and then returned to their corresponding treat- 536
ments within approximately 5 min. In all instances, seawater 537
and vehicle treatments showed no significant differences in 538
hatch success, survival, or developmental anomalies (data not 539
shown); therefore, all statistical “significance was based on 540
differences between vehicle and pyrene treatments. 541

In ideal conditions, sheepshead minnows hatch five to six 542
days after fertilization (Kuntz, 1916). For this current study, we 543
observed a typical hatch time of 5:.dpf for all treatment groups 544
regardless of pyrene dosage. However, embryos treated with the 545
highest concentration of pyrene (150 ppb) exhibited a 39% 546
decrease in hatch success compared to a 2% loss observed in the 547
20 and 60 ppb doses (Fig. 1). 548

This reduction in hatch success indicates that exposure to 549
150 ppb pyrene; delays and/or halts development in embryonic 550
sheepshead minnows and that the chorionic membrane does not 551
act’ as a protective barrier against the chemical stressor. 552
Similarly, hatch success of lake herring (Coregonus artedii) 553
was reduced by 48% after exposure to TCDD (2,090 pg / g wet 554
weight) for 9 days (Elonen et al., 1998), and a delayed hatch 555
time occurred in steelhead trout (Salmo gairdneri) exposed to 556
benzo(a)pyrene (20 pg/L) (Kocan and Landolt, 1984). 557

Survival (pre-and post-hatch) of pyrene-exposed embryos 558
was monitored through 18 dpf (Fig. 2). We observed a dose- 559
dependent increase in mortality over the number of days of 560
exposure. While low levels of pyrene (up to 20 ppb) did not 561
result in significant embryonic mortality through 18 dpf, a 562
significant mortality of remaining pyrene-treated C. variegatus 563
was seen in the early days post-hatch. Fry treated with 150 and 564

120

Hvehicle E20 ppb
E60 ppb @150 ppb
1001
— 807 = N
E N\
\
@ N
S N\
40+
N
\
20
Ly N\
N
0 R R R W

7 dpf

10 dpf 18 dpf

Fig. 2. Percent survival pre-and post-hatch of pyrene-treated C. variegatus on 6,
7, 10, and 18 dpf. Embryos (100 embryos/treatment/time point) were treated
with pyrene (20, 60, 150 ppb) or vehicle within 4 hpf for 18 dpf. Data represent
the percent survival for each treatment at either 6, 7, 10, or 18 dpf and are
expressed as mean+standard error (n =4 tanks/treatment). “a” shows significant
difference from same day vehicle control. “b” denotes significant difference
from same day 20 ppb pyrene treatment. “c” represents a significant difference
from same day 60 ppb treatment. “m” 100% mortality occurred before 10 dpf for
150 ppb pyrene-treated embryos. Statistical significance was determined by
ANOVA or Kruskal-Wallis ANOVA on Ranks, followed by Tukey or Student—
Newman—Keuls post-hoc tests. In all cases, p <0.05.
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vehicle

seawater

60 ppb pyrene 150 ppb pyrene

Fig. 3. Effects of pyrene doses on sheepshead minnow embryonic development. Shown are 48 hpf embryos after exposure to (A) seawater, (B) vehicle, (C) 20 ppb
pyrene, (D) 60 ppb pyrene, and (E) 150 ppb pyrene within 4 hpf. Lack of optical pigmentation (arrow) is indicated in E. Scale bar is 0.5 mm. Embryos shown are

representative of four tanks per treatment (100 embryos/treatment).

60 ppb pyrene doses had suffered 100% and 85% mortality by
8 and 10 dpf, respectively.

Similar mortality has been documented in D. rerio, where after
96 hours of exposure, zebrafish embryos reared in a nominal
concentration of 1000 ppb pyrene (corresponding to ~ 150 ppb
based on solubility of pyrene in water) exhibited 100% mortality by
6 to 7 dpf (Incardona et al., 2004). Thus, it appears C. variegatus,
along with zebrafish, are more susceptible to pyrene toxicity in the
larval stages rather than the embryonic. While in our current study
C. variegatus treated with 60 ppb pyrene had suffered 91%
mortality by 18 dpf, treatment with 20 ppb pyrene resulted in only a
20% loss. Taken together these results indicate that sheepshead
minnows are capable of tolerating ~20 ppb pyrene in the larval
stages, whereas concentrations >60 ppb are lethal.

The mechanism that has been proposed to explain PAH
toxicity may also help explain the toxic effect of pyrene
observed in our studies. When PAHs diffuse through cellular
membranes, enzymes convert non-polar PAHs into polar
hydroxy and epoxy derivatives through. the induction of
microsomal cytochrome P450 monooxygenases and epoxide
hydroxylases (WHO, 2000). P450-catalyzed biotransformation
of PAHs to toxic metabolites, accompanied by production of
reactive oxygen species, can cause developmental, physiolog-
ical, and cellular toxicity (Ploch et al., 1998). Supporting the
link between P450 and developmental toxicity in fish embryos/
larvae, exposures of zebrafish, lake trout, and medaka (O.
latipes) embryos to TCDD result.in elevated CYP1A levels,
accompanied by various ‘developmental toxicity endpoints
(Prasch et al., 2003; Cantrell et al,, 1998; Guiney et al.,
1997). In our current study, a dose-dependent response for
induction of CYPIAIl was closely correlated to the dose-
dependent response for larval mortality. At 96 hpf (4 dpf), 150,
60 and 20 ppb pyrene-treated C. variegatus had a level of
CYPIAI1 that was induced ~ 14-, ~6-, and ~ 3-fold, respec-
tively, over the vehicle-treated control. Three days later, the 3
exposure groups showed mortalities of 99, 20, and 1%,
respectively. This is consistent with reports by Guiney et al.
(1997) who found a close correlation in dose-dependency for
larval mortality and induction of CYP1A in TCDD-treated lake
trout (Salvelinus namaycush). Thus, elevated CYP1A1 levels
may be linked to increased larval mortality in pyrene-exposed
C. variegatus; however, the precise mechanism remains
undetermined.

3.7. Effects of pyrene on developmental toxicity

Embryonic C.variegatus were also scored for the presence/
absence of developmental abnormalities every 24 h in their

seawater
150 ppb pyrene

vehicle
150 ppb pyrene

Fig. 4. Effects of pyrene doses on larval development. Shown are 1 dph larvae after
exposure to (A) seawater, (B) vehicle, (C) 20 ppb pyrene, (D) 60 ppb pyrene, and
(E—H) 150 ppb pyrene within 4 hpf. Scoliosis curvature (sc) was observed in 60 (D)
and 150 ppb (F) pyrene doses. Kyphosis (kc) and lordosis curvatures (Ic) are shown
in 150 ppb pyrene-exposed larvae (E, G, H). Pericardial (pe) and yolk-sac edema
(ye) were observed in 150 ppb pyrene doses (G, H). Scale bars are 0.5 mm. Larvae
shown are representative of four replicates per treatment (100 embryos/treatment).

20 ppb pyrene
150 ppb pyrene

60 ppb pyrene
150 ppb pyrene
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Table 6
Average standard lengths of larval C. variegatus at 432 hpf

Treatment Total fry Average standard length [mm]
Seawater 93 5.93+0.07

Vehicle 88 5.87+0.13

20 ppb pyrene 80 5.09+0.12°

60 ppb pyrene 9 na

150 ppb pyrene M m

Data shown are representative of four tanks per treatment as mean+standard
error.
na — not applicable; too few fry remaining at conclusion of exposure (432 hpf)
to determine accurate measurement.
m — 100% mortality occurred before 432 hpf.

* Significantly different (p <0.05) from both seawater and vehicle treatments
as determined by ANOVA followed by Dunn’s post-hoc test.

surrounding vehicle/pyrene treatment waters through 432 hpf.
Normal embryonic/larval developmental patterns outlined by
Kuntz (1916) were used for comparison. Upon hatching, larvae
were monitored and scored for the presence/absence of yolk-
sac/pericardial edema, dorsal body curvature, and abnormal
growth in the head and trunk region. Embryos treated with
seawater (Fig. 3A), vehicle (~0.1% DMSO) (Fig. 3B), 20 ppb
(Fig. 3C), and 60 ppb (Fig. 3D) pyrene showed grossly normal
anatomic developmental patterns through 5 dpf. Though not
significant (p>0.05), the earliest observed defect in embryos
treated with 150 ppb pyrene was observed at 48 hpf by the lack
of pigmentation in the optical region (Fig. 3E).

Upon hatching, larvae treated with vehicle (Fig. 4B) were
indistinguishable from larvae reared in seawater (Fig. 4A)
alone, demonstrating that there was no effect of DMSO on the
development of C. variegatus both in the embryonic and larval
stages. Larvae in 20 ppb pyrene (Fig. 4C) were almost identical
to larvae grown in vehicle-water only. While showing no signs
of irregular development, newly hatched 20 ppb pyrene-treated
larvae (Fig. 4C) measured ~3 mm in total length as compared
to 4 mm seen in vehicle fry on 1 dph. Teraoka et al. (2002)
showed a similar but smaller reduction in total body length in
TCDD-(>0.3 ppb) exposed zebrafish embryos at 72—84 hpf. At
432 hpf, standard length measurements were taken for seawater,
vehicle, and 20 ppb pyrene-treated fry. The average standard
length of fry treated with. 20 ppb pyrene (5.09 mm) was
significantly smaller (13=14%) than the seawater and vehicle
controls at 432 hpf (Table 6). Thus, even at the lowest
concentration (20 ppb), pyrene significantly affects normal
larval growth in sheepshead minnows.

While 20 ppb pyrene-exposed larvae showed mostly normal
developmental patterns, larvae treated with 60 and 150 ppb
pyrene showed significant signs of dose-dependent gross
malformations. Approximately 95% of 150 ppb pyrene-treated
larvae displayed signs of dorsal curvature of the body and trunk
region along with a significant reduction in growth of the head
(p<0.05). Symptoms ranged from severe curvature of the
spine, i.e. kyphosis, lordosis (Fig. 4E, G, H), to having a
laterally bent body, i.e. scoliosis (Fig. 4F). Larvae reared in
60 ppb pyrene also showed signs of scoliosis curvature;
however, the number of fry displaying symptoms was less

(10%) (Fig. 4D). Though not significant, 150 ppb pyrene- 652
treated fry (5%) also showed pericardial and yolk-sac edema 653
(Fig. 4G, H). The mild edema and explicit dorsal curvature 654
found in the 150 ppb pyrene treatments was comparable with 655
type to a previous study in which D. rerio were exposed to 656
~150 ppb pyrene (not measured, but calculated from the 657
solubility of pyrene in water; Incardona et al., 2004). Thus, it 658
appears that C. variegatus, along with zebrafish, show 659
prominent developmental defects in response to pyrene 660
treatment. In conclusion, we showed that increasing doses of 661
pyrene caused an elevation of CYP1AL1 levels that preceded or 662
accompanied an increase in severity of developmental abnor- 663
malities in larval C. variegatus, suggesting a possible role for 664
CYP1ALI in pyrene-mediated embryo toxicity. These results are 665
similar to those reported by Guiney et al. (1997, 2000), who 666
showed increases in vascular permeability and sac-fry mortality 667
following CYP1A induction in early life-stages of TCDD- 668
treated lake trout. 669

4. Conclusions 670

Overall, this study was the first to report on the mor- 671
phological, physiological, and molecular effects on the early 672
life-stages of the sheepshead minnow following early-life 673
stage exposure to pyrene. Significant findings included: de- 674
velopmental anomalies (dorsal curvature/reduced growth) of 675
fry; significant dose-dependent larval mortality; strong 676
induction of PAH-activated gene CYPI/AI; and pyrene-inde- 677
pendent increases in CYPIAI and VEGF transcription during 678
development from the embryonic to larval stages. Since VEGF 679
transcription is not affected by pyrene, we tentatively conclude 630
that levels of intracellular ARNT are sufficient to support both 6s1
AHR-activated transcription of CYP/A4/ and endogenously- 632
controlled transcription of VEGF. The studies reported here 633
have laid the groundwork for examination of the combined 634
effects of hypoxia and pyrene (two common environmental 685
stressors) on the embryonic sheepshead minnow (Hendon, 6s6

2006). 687
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