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a  b  s  t  r  a  c  t

The  2010  Deepwater  Horizon  disaster  in the  Gulf  of  Mexico  was  the  largest  oil spill  in United  States  history.
Crude  oils  are highly  toxic  to developing  fish  embryos,  and  many  pelagic  fish  species  were spawning  in
the  northern  Gulf  in  the  months  before  containment  of  the damaged  Mississippi  Canyon  252  (MC252)
wellhead  (April–July).  The  largest  prior  U.S.  spill  was the  1989  grounding  of  the  Exxon  Valdez  that  released
11  million  gallons  of Alaska  North  Slope  crude  oil  (ANSCO)  into  Prince  William  Sound.  Numerous  studies
in  the  aftermath  of  the  Exxon  Valdez  spill  defined  a  conventional  crude  oil  injury  phenotype  in  fish  early
life  stages,  mediated  primarily  by  toxicity  to the  developing  heart.  To determine  whether  this  type  of
injury  extends  to  fishes  exposed  to  crude  oil  from  the  Deepwater  Horizon  – MC252  incident,  we used
zebrafish  to  compare  the  embryotoxicity  of  ANSCO  alongside  unweathered  and  weathered  MC252  oil.
We  also  developed  a standardized  protocol  for  generating  dispersed  oil  water-accommodated  fractions
containing  microdroplets  of crude  oil  in  the  size  range  of  those  detected  in  subsurface  plumes  in  the
Gulf.  We  show  here  that  MC252  oil  and  ANSCO  cause  similar cardiotoxicity  and  photo-induced  toxicity
in  zebrafish  embryos.  Morphological  defects  and  patterns  of  cytochrome  P450  induction  were  largely
indistinguishable  and  generally  correlated  with  polycyclic  aromatic  compound  (PAC)  composition  of

each  oil  type.  Analyses  of embryos  exposed  during  different  developmental  windows  provided  additional
insight  into  mechanisms  of crude  oil  cardiotoxicity.  These  findings  indicate  that  the  impacts  of  MC252
crude  oil  on  fish embryos  and  larvae  are  consistent  with  the  canonical  ANSCO  cardiac  injury  phenotype.
For  those  marine  fish species  that  spawned  in the northern  Gulf of  Mexico  during  and  after  the  Deepwater
Horizon  incident,  the  established  literature  can  therefore  inform  the  assessment  of  natural  resource  injury
in  the  form  of  potential  year-class  losses.
. Introduction

Crude oils are complex mixtures that contain thousands of
ifferent chemicals. Oils from different geological sources differ pri-
arily in the ratios of large and interrelated families of compounds

Stout and Wang, 2007). These include multiple classes of aliphatic
ydrocarbons, aromatic hydrocarbons, resins, asphaltenes, and
olar compounds containing nitrogen, sulfur or oxygen atoms (NSO
ompounds). The relative proportions of these compounds deter-

ine the general chemical characteristics of a given crude oil. For

xample, heavier, sulfur-rich crude oils such as Alaska North Slope
rude oil (ANSCO) have proportionally more sulfur-containing
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aromatic heterocycles than the lighter, low-sulfur crude oils from
the Deepwater Horizon – MC252 well and other South Louisiana for-
mations (Wang et al., 2003). Within crude oil mixtures, toxicity has
been attributed primarily to the proportional content of polycyclic
aromatic compounds (PACs) and related families of heterocyclic
NSO compounds (Carls and Meador, 2009). These chemicals have
higher water solubility relative to aliphatic hydrocarbons and
polycyclic alkanes, and they are characteristically taken up by
oil-exposed organisms (Council, 2003).

Research spanning the past two  decades has revealed a com-
mon form of injury among teleost embryos exposed to crude oil.
Cardiotoxicity is generally the most sensitive phenotype, and this is

primarily evident as fluid accumulation (edema) in the pericardial
space or yolk sac. This loss of circulatory function and corre-
sponding change in morphology has been documented for several
different crude oils, including Alaska North Slope, Mesa light,
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ranian heavy, and Bass Strait (Couillard, 2002; Incardona et al.,
005; Jung et al., 2013; Pollino and Holdway, 2002) across a range
f freshwater and marine species, including mummichog (Fundulus
eteroclitus (Couillard, 2002)), zebrafish (Danio rerio (Carls et al.,
008; Incardona et al., 2005)), rainbowfish (Melanotaenia fluvi-
tilis (Pollino and Holdway, 2002)), pink salmon (Oncorhynchus
orbuscha (Marty et al., 1997b)), and Pacific herring (Clupea pallasi
Carls et al., 1999; Incardona et al., 2009)). Many of the gross

orphological features of the crude oil cardiac toxicity syndrome
an be attributed to secondary consequences of reduced circula-
ory function or heart failure (Incardona et al., 2004). Weathering
tudies previously showed that aliphatic or volatile monoaromatic
ompounds are not required to produce this cardiovascular syn-
rome (Marty et al., 1997b). In the zebrafish model, similarities

n phenotype between oil-exposed embryos and embryos with a
enetic loss of cardiac function led to the discovery that the most
bundant classes of PACs in crude oil, the tricyclic fluorenes, diben-
othiophenes and phenanthrenes, are cardiotoxic (Incardona et al.,
004, 2005). Certain crude oils also cause additional morphological
efects that are unrelated to PAC cardiotoxicity, including pectoral
nd caudal fin blisters in response to ANSCO exposure (Incardona
t al., 2005) and tail bud defects in response to Iranian heavy
rude oil exposure (Jung et al., 2013). Nevertheless, numerous
ose–response studies have consistently shown that the devel-
ping fish heart is a key target organ for toxicity across crude oil
ypes, and that cardiac effects are the most sensitive indicators of
dverse impacts following both lab and field exposures (Carls et al.,
999, 2008; Hicken et al., 2011; Incardona et al., 2012a, 2012b).

Due largely to the scale of the 1989 Exxon Valdez oil spill disaster
n Alaska’s Prince William Sound, ANSCO has been by far the most
ntensively assessed crude oil in subsequent years, with numerous
tudies documenting both acute and long-term effects of embry-
nic exposure in fish (Carls et al., 1999, 2008; Heintz, 2007; Heintz
t al., 1999; Hicken et al., 2011; Incardona et al., 2005, 2009; Marty
t al., 1997a, 1997b). The more recent and much larger Deepwater
orizon spill in the northern Gulf of Mexico exposed embryos and

arvae from a wide diversity of fish species to Mississippi Canyon
MC252) crude oil at varying states of weathering. To address
hether MC252 produces canonical cardiac injury in fish early life

tages, we used the zebrafish model to directly compare the toxicity
f ANSCO alongside several types of unweathered and weathered
C252 oil.
We also developed a standardized protocol for producing oiled

ater-accommodated fractions (WAFs) that more closely emulate
he dispersion of oil droplets under high pressure, as occurred dur-
ng the Deepwater Horizon incident. Previous studies have largely
eproduced environmentally relevant exposures to surface spills
rom ships and other sources. Standardized protocols exist for
reparation of low-energy WAFs that model a surface spill; e.g.,
he method developed through the Chemical Response to Oil
pills: Ecological Effects Research Forum (CROSERF (Singer et al.,
000)). However, these procedures do not entrain oil droplets

nto the water column, and they produce a dissolved hydrocar-
on profile dominated by monoaromatics and 2-ring PACs (e.g.,
aphthalenes). For example, the CROSERF method using Mesa

ight crude oil shifted the ratio of alkyl-naphthalenes to alkyl-
henanthrenes from approximately 8:1 in source oil to 60:1 in the
AF  (Couillard et al., 2005). We  and others have previously demon-

trated that high-energy (HE)WAF protocols designed specifically
o physically disperse small droplets of crude oil result in more
eathered patterns dominated by 3-ring PACs (e.g., 2:1 ratio of

lkyl-naphthalenes to alkyl-phenanthrenes) (Barron et al., 2003;

ncardona et al., 2005). However, these methods used special-
zed equipment and procedures that are not readily available or
tandardized. We  therefore established a simple method that gen-
rates weathered-pattern HEWAFs from dispersed oil droplets with
 142– 143 (2013) 303– 316

high reproducibility using commercially available equipment. This
method allowed for a systematic assessment of the toxicity of
MC252 crude oil following dispersion into droplets under high
energy, as occurred in the Gulf of Mexico during release of oil from
the damaged wellhead or remixing of oil accumulated at the sea
surface during high energy conditions.

2. Materials and methods

2.1. Oil samples

MC252 samples were collected by NOAA personnel in coopera-
tion with BP during the active spill phase and transferred under
chain of custody to NOAA scientists at the Northwest Fisheries
Science Center (Seattle, WA). These included three different weath-
ered samples from surface skimmers (MC252 skim 1, 2, and 3 oils)
and unweathered (source) oil obtained from the riser pipe (MC252
riser oil, sample 072610-03) prior to capping of the well. Skim 1
(sample NSR570-A-1) was collected 12 May  2010 from a skimmer
working offshore that had just returned to port. Skim 2 (sample
CTC02404-02) was  collected 29 July 2010 from a barge holding
mixed oil offloaded from a number of different skimmers. Skim
3 (sample GU2888-A0719-OE701) was  collected from a skimming
transect completed 19 July 2010 by the U.S. Coast Guard Cut-
ter Juniper. MC252 riser oil (sample 072610-W-A) was  artificially
weathered by heating with gentle mixing to 90–105 ◦C until the
mass was reduced by 33–38%. ANSCO was from a previously stud-
ied stock that was  weathered similarly, except heated to 60 ◦C until
the mass was reduced by 20%. This weathering process nearly elim-
inated monoaromatic compounds and yielded a modest reduction
of naphthalenes in the PAC fraction (Carls et al., 2008; Hatlen et al.,
2010; Hicken et al., 2011; Incardona et al., 2005).

2.2. Preparation of water accommodated fractions (HEWAFs)

Two methods were used to prepare high energy HEWAFs.
Small-volume (<1 L) HEWAFs were prepared by manual shaking
in 500-mL or 1-L glass separatory funnels as described previously
(Carls et al., 2008; Hatlen et al., 2010). Larger volume HEWAFs
were prepared in a 3-speed commercial food blender with a 1-gal
(3.8-L) stainless steel container (Waring CB15, Waring Commer-
cial, Torrington, CT). A blender protocol was  developed to produce
a distribution of oil droplets/particles that was microscopically
similar to the manual method. For each preparation, the stainless
steel container was cleaned with acetone and dichloromethane, the
rubber lid was lined with dichloromethane-rinsed heavy-duty alu-
minum foil and the container was filled with 2 L of the artificial
fresh water used to maintain a zebrafish husbandry facility at the
Northwest Fisheries Science Center (system water). DWH-MC252
riser oil was  measured and delivered with a positive displace-
ment pipette onto the surface of the system water in the blender
container. The surface-collected skim samples were each a highly
viscous mousse and were delivered by weight. A target mass was
weighed onto a Teflon sheet and loaded onto the water surface by
scraping. Delivered mass was  calculated by re-weighing the Teflon
sheet. Subsequent HEWAFs with surface samples were made by
delivering oil volumetrically with a positive displacement pipette
following brief (<5 min) heating at 60 ◦C to increase fluidity.

Water and oil were blended on the lowest speed (30 s for MC252
riser oil and 2 min  for the more viscous surface slick samples)
and then 1 L was poured into a 1-L separatory funnel. 200–400 mL

were transferred to brown glass bottles and stabilized with 20 mL
dichloromethane for analysis of PACs (prefilter sample). After sit-
ting for 1 h to allow surface slick formation, the HEWAF was drained
from the separatory funnel (with retention of the slick and ∼100 mL
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EWAF). To characterize dissolved PACs biologically and chem-
cally, an initial series of HEWAFs were filtered through 2.7 and
.7 �m glass microfiber filters (GF/D and GF/F, respectively, What-
an/GE Healthcare, Piscataway, NJ) held in a glass filter holder

pparatus (VWR International, Radnor, PA). Unfiltered and filtered
EWAFs were immediately divided into 200–400 mL  samples for
AC analysis and aliquots for zebrafish embryo exposures. Initial
EWAF preparations included clean controls in which zebrafish

ystem water was blended without oil, transferred to a separa-
ory funnel, and filtered. No difference was observed between these

ock-blended negative controls and unprocessed system water, so
ubsequent experiments included unprocessed system water as a
egative control.

.3. Zebrafish embryo exposures, morphological assessments and
maging

Embryos of zebrafish AB strain were obtained from adults main-
ained using conventional zebrafish animal care protocols (Linbo,
009). Embryos were exposed at either 4–6 h (sphere to shield
evelopmental stage) or 28–30 h post-fertilization (hpf). In gen-
ral, embryos were exposed in replicate groups of 3 or 6 using
ither 60- or 100-mm glass Petri dishes (n = 25 or 35 embryos
er replicate, respectively). Cleaned and sorted embryos were
ransferred to dishes via controlled-drop Pasteur pipettes in small
olume of water (<1 mL). The Petri dishes were then filled with
5-mL aliquots of HEWAF, and HEWAFs were not renewed for
he duration of exposures. All embryos were screened for abnor-

alities at 48 hpf, with digital still images and videos collected
sing a SPOT imaging system (Diagnostic Instruments, Inc., Ster-

ing, MI;  camera model 2.3.1; software version 4.5.9.9) or Fire-i
00 camera (Unibrain, San Ramon, CA) fitted to a Nikon SMZ800
tereomicroscope or Nikon Eclipse E600 compound microscope. In
ome experiments, embryos were incubated to 72 hpf for further
orphological characterization. Presence/absence scores for peri-

ardial edema were based on observations in live embryos or digital
ideo clips. The presence of edema was scored as a lack of exter-
al epidermal pulsation adjacent to the heart (i.e., no movement of
ericardial sac across contractions). Intracranial hemorrhage was
cored visually in either live embryos or in lateral images and
ideo clips. For quantification of pericardial edema and detailed
maging, embryos were mounted in 2% methylcellulose. Pericar-
ial area was measured in still frames extracted from digital video
s described previously (Incardona et al., 2006). For cardiac dimen-
ional measurements, embryos were mounted without anesthesia
n 2% methylcellulose and digital video collected using differen-
ial interference contrast optics with a 20× objective lens on the
ikon E600 compound microscope. Diastolic and systolic chamber
iameters were measured and fractional shortening (contractil-

ty) as described elsewhere (Bendig et al., 2006; Incardona et al.,
011). For caudal finfold measurements, embryos were exposed
rom 4 to 72 hpf in unfiltered HEWAF in 3 replicates (25 embryos
n 20 ml). 10 larvae were randomly selected from each replicate,
nesthetized with MS-222, and mounted in 2% methylcellulose for
maging. Using ImageJ area measurements were taken by tracing

 roughly half-circular line using the end of the notochord as a
andmark along the posterior edge of the caudal finfold.

For assessment of morphological defects in exposed juveniles,
ix replicate groups of 35 embryos each were exposed from shortly
fter fertilization (4–6 hpf) through 48 hpf and then scored for
ericardial edema. HEWAF-exposed embryos were then pooled
nd re-divided into three replicate groups (n = 30 each) with edema

nd three replicate groups (n = 30 each) without edema. In control
mbryos, rates of edema were low enough to provide only a single
roup with edema (n = 30), while embryos without edema were
ooled into five replicate groups (n = 30 each). The new replicate
 142– 143 (2013) 303– 316 305

groups were transferred to clean water, incubated at 28.5 ◦C in
100-mm Petri dishes until feeding stage and then raised until juve-
nile stage (2 weeks post-fertilization) as detailed elsewhere (Linbo,
2009), with mortality assessed daily. At 2 weeks post-fertilization,
fish were anesthetized, assessed for morphological defects, and
lengths measured. Representative individuals were imaged. A sub-
set of individuals from each treatment was randomly selected, fixed
and assessed for craniofacial skeletal defects as described below.

Phototoxicity tests were carried out after exposing embryos to
HEWAFs from 4 to 72 hpf as detailed previously (Hatlen et al., 2010).
Briefly, embryos were exposed to ANSCO or skim 1 HEWAFs (pre-
pared manually), or AW-riser blender HEWAFs in a dark laboratory
incubator from 4 to 72 hpf, transferred into new Petri dishes with
clean water, exposed outdoors to full sunlight for 30 min and then
returned to the laboratory for immediate imaging. Sunlight expo-
sure was carried out 2 July 2010 at 2:30 PM under partly cloudy
skies at an ambient temperature of 20 ◦C, and on 10 May  2013
under clear skies at 25.5 ◦C. UVA dose recorded for the second (May
2013) exposure was 15,410 mW/m2 over 30 min. UV levels were
measured with a Macam UV203 radiometer (Advanced Photon-
ics International, Inc., Fairfield, CT) set on average mode for the
duration of the sunlight exposure.

2.4. Analysis of craniofacial skeletal structure in juveniles

Following morphometric data collection, fish were fixed in
4% paraformaldehyde overnight at 4 ◦C on a rocker, dehydrated
through a gradient of methanol/phosphate–buffered saline (PBS)
(25%/75%, 50%/50%, 75%/25%; 5 min each) and stored at −20 ◦C in
100% methanol. For staining, samples were rehydrated through
methanol/PBS series (75%/25%, 50%/50%, 25%/75%; 10 min  each)
and washed in water (3 times; 1 hr each). Fish were then stained
with alcian blue solution (0.01% in 7:3 ethanol/glacial acetic acid;
24 h), destained (7:3 ethanol/glacial acetic acid; 30 min), trans-
ferred into 100% EtOH (30 min), rehydrated through ethanol/water
series (75%/25%, 50%/50%, 25%/75%; 30 min  each) and washed in
water (2 times; 30 min  each). Following rehydration, alcian stained
fish were subjected to trypsin digestion (50% saturated aqueous
sodium borate, 1.7% trypsin powder; 10 min) before 0.5% KOH
enzyme deactivation (5 min) and 0.5% KOH washes (2 times; 5 min
each). Alizarin Red S solution (0.04%) was  added to samples (in
0.5% KOH) until solution turned deep purple. Alizarin staining pro-
ceeded for 12 h before clearing through 0.5% KOH/glycerol series
(3:1, 1:1, 1:3; 6 h each) and storage in 100% glycerol. Dissec-
ted craniofacial skeletons were mounted in glycerol and imaged
using the Nikon Eclipse E600 compound microscope and SPOT
imaging system. Multiple images encompassing all focal planes
(n = 10) were then aligned and Z-stacked using Hugin version
2011.4.0 (http://hugin.sourceforge.net/) and Enfuse version 4.0
(http://enblend.sourceforge.net/) to generate an extended depth of
field.

2.5. Analytical chemistry

Water samples were stored in brown glass bottles containing
20 mL  dichloromethane until analysis for PACs and phytane. For
quality assurance, a blank water sample (control) and a spiked
blank were prepared in brown glass bottles, both containing 200 or
345 mL  of zebrafish system water and 20 mL of dichloromethane
along with known solutions of selected PACs (34 ng of each ana-
lyte) and phytane (200 ng) added to the spiked blank. After the
addition of surrogate standards (340 ng each of D8-naphthalene,

D10-acenaphthene and D12-benzo[a]pyrene in 200 �L of isooc-
tane), each sample was transferred to a 1-L separatory funnel.
Samples were extracted by shaking with dichloromethane for
2 min  followed by 2 min  separation time. After collecting the

http://hugin.sourceforge.net/
http://enblend.sourceforge.net/
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ichloromethane phase, samples were extracted a second time
ith another 20 mL  of dichloromethane and the two  extracts were

ombined. Sodium sulfate (20 g) was added to each sample and
eft to sit overnight. The extracts were cleaned up using gravity-
ow silica/alumina columns as previously described (Sloan et al.,
005) then exchanged from dichloromethane to isooctane while
eing concentrated to 200–1000 �L, depending on the expected
AC concentrations. D10-phenanthrene (295 ng in 200 �L of isooc-
ane) was added as an internal standard to determine the recovery
f surrogate standards.

To quantify PACs and phytane, extracts were analyzed using gas
hromatography/mass spectrometry (GC/MS) selected ion moni-
oring as described previously (Sloan et al., 2005) with additional

onitoring for alkyl-PACs and phytane. Analyte concentrations
n water (�g/L) were calculated using surrogate standards and
ix concentration levels of GC/MS calibration standards ranging
rom 0.003 to 1.0 ng/�L. For each analyte, the concentration pro-
ucing the peak response in the lowest level calibration standard
as used to calculate the lower limit of quantitation (LOQ). LOQs

anged from approximately 0.004 to 0.02 �g/L. Surrogate standard
ecoveries ranged from 90 to 108% and the spiked blank recover-
es ranged from 89 to 104%. The control water samples contained
.047–0.17 �g/L total low molecular weight PACs, whereas the high
olecular weight PACs in these samples were <LOQ – 0.03 �g/L.

.6. Statistical analysis

Statistical test were carried out with either JMP  6.0.2 or JMP
.0.1 for Macintosh (SAS Institute, Inc., Cary, NC). Tests that involved
easures in individual embryos from replicate groups (e.g., pericar-

ial area, caudal finfold area, fractional shortening) were subjected
o ANOVA with replicate nested in treatment to avoid pseudorepli-
ation. Edema occurrence data were analyzed by one-way ANOVA
ith post hoc means comparisons performed using Tukey–Kramer
onestly Significant Differences test (  ̨ = 0.05). For measures of
dema severity using pericardial area, both MC252 riser oil dose-
ependency and multiple oil comparison assays presented a
ignificant replicate or “tank” effect. However, this was due to
verlapping levels of severity at higher oil loadings or

∑
PAC

oncentrations. For fractional shortening (contractility) measures,
here was no replicate effect (P = 0.3).

. Results

.1. Generation of HEWAFs and analysis of PACs

MC252 oil is a lighter weight crude (American Petroleum Insti-
ute [API] gravity 37) with lower sulfur content than the medium
eight ANSCO (API gravity 30). This difference in sulfur content

s reflected in the lower concentrations of dibenzothiophenes in
C252 riser oil (Fig. 1A). Concentrations of the other more abun-

ant PACs (naphthalenes, fluorenes and phenanthrenes) were very
imilar between MC252 riser oil and ANSCO, while ANSCO had
lightly higher concentrations of chrysenes. Increased weather-
ng was evident in MC252 skim 1 and skim 2 samples (Fig. 1A),

ith respective losses of naphthalenes by 72% and 90%, fluorenes
y 55% and 51%, dibenzothiophenes by 48% and 42%, and phenan-
hrenes by 48% and 45%. Therefore, the largest differences between
nweathered riser oil and weathered samples skimmed from the
cean surface were in the concentrations of naphthalenes, which
re not major contributors to crude oil toxicity at fish early life

tages (Carls et al., 1999; Heintz et al., 1999; Incardona et al., 2004).
rtificially weathered (AW) riser oil was comparable to skim 1,
hereas MC252 skim 3 was the most highly weathered, with an

dditional depletion of naphthalenes (Fig. S1).
 142– 143 (2013) 303– 316

Supplementary data associated with this article can be found
in the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
08.011.

Initial characterization of MC252 skim 1 toxicity (described
below) used small-scale, manually produced high-energy HEWAFs
(Carls et al., 2008; Hatlen et al., 2010), for which PACs were
not measured. Three independent HEWAFs were prepared with
the same loading of MC252 riser oil to standardize the blender
method (Fig. 1B). Microscopic examination showed a distribution
of oil droplets/particles similar to that derived from the manual
method (Carls et al., 2008), generally ≤10 �m (Fig. S2). Environ-
mentally realistic tests of MC252 oil toxicity should include both
oil droplets and dissolved PACs, and we  therefore characterized
filtered and unfiltered HEWAFs to determine the reproducibility
of the method for generating WAFs with dissolved (i.e., bioavail-
able) PACs. Analysis of unfiltered HEWAF showed a distribution of
PACs that corresponded closely with the whole oil (Fig. 1B, black
bars; compare to black bars in Fig. 1A). Filtration of the HEWAF
through 2.7 and 0.7 �m glass fiber filters removed particulate oil
by 96%, as evidenced by a reduction in phytane concentration from
22.7 ± 0.9 to 1.0 ± 0.1 �g/L (Fig. 1B, inset). The dissolved, aqueous-
phase PACs were dominated by the more soluble naphthalenes and
tricyclic compounds, with very little contribution from chrysenes
and other 4-ringed PACs (Fig. 1B, gray bars). In one experiment
(results described below), embryos were exposed to a fourth unfil-
tered HEWAF with a PAC profile essentially identical to the average
obtained during method development (Fig. 1C), indicative of tech-
nical reproducibility. The concentrations of dissolved aqueous PACs
in this fourth HEWAF were assumed to be the same as the aver-
age PAC concentrations in filtered HEWAFs, based on the measured
dissolved/particulate

∑
PAC ratio of 0.46 ± 0.01 (Fig. 1B).

Supplementary data associated with this article can be found
in the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
08.011.

We also prepared HEWAFs with the more viscous MC252
skim (surface) samples using the blender method. After filtra-
tion, dissolved aqueous PACs showed a more weathered pattern
consistent with the differences between the MC252 riser and
skim oil samples (Fig. 1D). Overall, HEWAFs from MC252 riser
and skim samples contained similar concentrations of tricyclics
(
∑

TACs; 20.0 ± 0.4 and 18 ± 2 �g/L, respectively; Pttest = 0.27).
However, MC252 skim 2 HEWAF had much lower concentrations
of naphthalenes (15.8 ± 1.8 vs. 147.4 ± 5.9 �g/L; Pttest = 0.0009) and
higher (but still very low) concentrations of chrysenes (1.5 ± 0.1
vs. 0.4 ± 0.2 �g/L; Pttest = 0.02). Notably, MC252 skim 2 HEWAF
had almost 4× and 2.5× lower concentrations of parent fluorene
(F0, 0.7 ± 0.1 vs. 2.6 ± 0.1 �g/L; Pttest = 0.02) and phenanthrene (P0,
1.4 ± 0.3 vs. 3.36 ± 0.03 �g/L; Pttest = 0.09), respectively (Fig. 1D).
Compositional differences among various MC252 oil samples were
also observed in subsequent HEWAF preparations using the blender
method (Fig. S3, Table 1). These compositional differences cor-
responded with the cardiotoxic potency of a given sample (see
below).

Supplementary data associated with this article can be found
in the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
08.011.

3.2. Weathered MC252 oil and ANSCO produce similar gross
morphological defects and phototoxicity

We  used exposures of zebrafish embryos to biologically char-
acterize the two types of oil (MC252 and ANSCO). MC252 skim

1 was a water-in-oil emulsification or mousse with roughly 3×
lower

∑
PAC concentrations per unit mass relative to ANSCO. We

therefore initially exposed zebrafish embryos to manually prepared
HEWAFs (see Material and Methods above) loaded with masses of

http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
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Fig. 1. PAC concentrations in oils and HEWAF preparations. Molecular weight increases to the right with separate y-axes for naphthalenes (left), 3-ring (middle) and 4-
to  6-ring compounds (right). (A) Concentrations in whole oils. A single measurement was  performed for each oil; bars represent left to right, ANSCO, MC252 riser, MC252
skim  1, MC252 skim 2. (B) Filtered (black bars) and unfiltered (gray bars) MC252 riser HEWAF (50 ppm nominal oil load). Inset in right panel shows phytane (PHY). Data
are  mean ± SEM from three independent HEWAF preparations. (C) Data from average unfiltered 50 ppm MC252 riser HEWAFs (black bars) shown in (B) compared to
unfiltered 50 ppm MC252 riser HEWAF (gray bars) used for quantification of pericardial edema shown in Fig. 6. (D) Data from filtered MC252 riser HEWAF shown in (B,
gray  bars) compared to filtered 50 ppm MC252 skim 3 HEWAF (mean ± SEM, N = 2) linked to toxicity data in Table 2. N, naphthalenes; AY, acenaphthylene; AE, acenaph-
thene;  F, fluorene; D, dibenzothiophene; P, phenanthrene; AN, anthracene; FL, fluoranthene; PY, pyrene; FP, fluoranthenes/pyrenes; BAA, benz[a]anthracene; C, chrysene;
B benzo
d poun
g

A
o
i
t
a
s

BF,  benzo[b]fluoranthene; BKF, benzo[j]fluoranthene/benzo[k]fluoranthene; BEP, 

ibenz[a,h]anthracene/dibenz[a,c]anthracene; BZP, benzo[ghi]perylene. Parent com
roups)  for alkylated homologs are indicated as N1, N2, etc.

NSCO and MC252 skim 1 samples predicted to yield similar aque-
us PAC concentrations. Initial exposures were performed in a dark

ncubator, and the toxic effects of ANSCO and MC252 skim 1 on
he gross morphology of embryos were indistinguishable (Fig. 2B
nd C). For example, exposure to MC252 oil produced conventional
igns of canonical petrogenic PAC cardiotoxicity as characterized
[e]pyrene; BAP, benzo[a]pyrene; PER, perylene; IDP, indeno[1,2,3-cd]pyrene, DBA,
d is indicated by a 0 (e.g., N0), while numbers of additional carbons (e.g. methyl

by concentration-dependent pericardial edema (Fig. 2B and C), car-
diac dysfunction (e.g., atrial regurgitation) and poor cardiac looping

observed by failure of the atrioventricular canal to adopt a lateral
orientation (Fig. 3; Movie S1). Notably, cardiac phenotypes were
essentially identical in embryos exposed either shortly after fer-
tilization (Fig. 3B) or starting at 24 hpf (Fig. 3C) when the initial
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Table  1
Compositional differences between MC252 oil sample high-energy water-accommodated fractions (HEWAFs) at 50 ppm oil loads.a

Oilb
∑

NPHsc (�g/L)
∑

TACs (�g/L)
∑

parent TACs (�g/L)
∑

alkyl TACs (�g/L) % parent TACs

Riser 147 20 6.6 13.7 32
Skim  2 10.3 9.2 2 7.2 21
Skim  3 2.0 14.8 0.9 13.9 6.1

a Toxicity data for these HEWAFs are shown in Fig. 7.
b Oil samples are riser, unweathered oil collected from the wellhead; skim 2, surface slick oil collected July 29, 2010; skim 3, surface slick oil collected July 19, 2010.
c
∑

NPHs, sum of parent and alkyl-naphthalenes;
∑

TACs, sum of non-alkylated and alkylated tricyclic compounds, i.e., fluorenes, dibenzothiophenes, and phenanthrenes;∑ ∑
lkylat

t

h
b
i
a
t
i
t
r
t
A
p
1
l

i
0

F
c
(
e
(

parent TACs, sum of non-alkylated tricyclic compounds; alkyl TACs, sum of a
otal  tricyclic compounds.

eart tube is already beating and providing circulation (detailed
elow). In addition, a high percentage of embryos demonstrated

ntracranial hemorrhage (Fig. 2A′–C′). Hemorrhages were transient
nd occurred between 30 and 44 hpf; normal blood flow through
he cerebral vasculature was typically observed in embryos with
ntracranial hemorrhage, with no erythrocytes visibly contributing
o hemorrhages by 48 hpf (data not shown). The dose–response
elationship for edema (Fig. 2D) was much more similar for the
wo oils than the relationship for intracranial hemorrhage (Fig. 2E).
lthough MC252 crude oil appeared to be about 3-times more
otent than ANSCO based on nominal oil loads, the MC252 skim

 sample was an oil-water emulsion that contained about 3-times
ess total PACs than the artificially weathered ANSCO.
Supplementary data associated with this article can be found
n the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
8.011.

ig. 2. Gross morphology of zebrafish embryos at 72 hpf (hatching stage) following oil 

lean  water in dark incubator, (B) ANSCO high dose in dark incubator, (C) MC252 skim
A′–C′) Midbrain/hindbrain regions are shown with anterior to left. Arrowheads indicate
rythrocytes within the midbrain ventricle. Scale bars are 0.5 mm (A–C) and 50 �m (A′–C′)
E)  in embryos exposed to either ANSCO (©) or MC252 skim 1 (�) HEWAFs. Data are mea
ed tricyclic compounds; % parent TACs, percent of non-alkylated compounds out of

As observed previously for similar ANSCO HEWAF preparations
(Hatlen et al., 2010), outgrowth of finfolds was  reduced following
exposure to both oils (Fig. 4, S4). Although we did not quantify
this defect for the MC252 skim 1 exposure, this sample of MC252
oil appeared to have a slightly more pronounced effect on finfold
growth than ANSCO (Fig. S4). In a dose-response series with AW-
riser oil HEWAF made using the blender method, finfold growth
was significantly reduced (to 87% of control; P = 0.0003) at only the
highest tested concentration (100 ppm whole oil; Fig. 4A). There
were no signs of morphological toxicity to other organ systems.

Supplementary data associated with this article can be found
in the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
08.011.
To determine if there were morphological defects that persisted
after a transient exposure during embryogenesis, zebrafish were
subsequently raised in clean water for 14 days for examination

exposure and sequential oil and sunlight exposure. Embryos were exposed to (A)
 1 high dose in dark incubator. Arrows in (B) and (C) indicate pericardial edema.

 the margins of the midbrain ventricle, and white arrows indicate red tinge from
. Dose-dependent occurrence of (D) pericardial edema and intracranial hemorrhage
n ± s.e.m. of 3 replicates (22–25 embryos each).

http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
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Fig. 3. Poor cardiac looping in MC252-exposed embryos. Embryos were exposed to
artificially weathered MC252 riser oil from 4 to 48 hpf, mounted in methylcellulose,
and  imaged with digital video on a compound microscope. Images show a single
video frame captured during ventricular diastole in control (A) and embryos exposed
to  MC252 crude oil from either 4 to 48 hpf (B), or 28 to 48 hpf (C). Anterior is to the
right and dorsal at top, with the right side of the embryo viewed to focus on the
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Fig. 4. Reduction of caudal finfold growth by MC252 oil exposure and phototoxic
damage to finfold tissue and erythrocytes following subsequent sunlight exposure.
(A)  Caudal finfold tip area in embryos exposed to MC252 AW-riser oil. Data repre-
sent mean ± s.e.m. from 3 replicates (10 embryos each). ANOVA (replicate nested in
treatment) showed a significant effect of oil exposure (P = 0.0001) but no replicate
“tank” effect (P = 0.6). (B) Incidence of caudal finfold disruption characterized by a
binary score of mild or severe. (C) Incidence of photoinduced hemolysis. Data in
entricle more clearly. Dashed lines indicate the atrioventricular canal. A, atrium; V,
entricle. Scale bar is 50 �m.

s juveniles. Embryos were exposed shortly after fertilization to
C252 skim 2 HEWAF prepared with 33 ppm nominal oil load pre-

icted to have a dissolved
∑

PAC of approximately 110 �g/L. At 48
pf edema was present in 54 ± 2% and 18 ± 3% of oil-exposed and
ontrol embryos, respectively (Table 2). After sorting embryos into
dematous and non-edematous subgroups and rearing to 14 dpf,
il-exposed animals that had edema at 48 hpf showed elevated
ortality relative to oil-exposed embryos without edema (P = 0.04).

tatistical analysis could not be applied to controls with edema, due
o the lower prevalence and single replicate group. In this particular
xperiment there was a higher than typical level of cardiac abnor-

alities in controls leading to edema. When placed in larval rearing

anks, embryos with severe edema generally did not feed and died
ithin 9 days, while those with less severe edema survived. Con-

rol embryos with edema also showed higher mortality, although
(B)  and (C) represent mean ± s.e.m. for three replicates of 20 embryos each. ANOVA
was significant for effect of oil. Asterisks indicate groups statistically different from
controls identified by a post hoc Dunnett’s test (  ̨ = 0.05).

the single replicate precluded statistical analysis. The potentially
higher relative mortality in controls probably reflects a more severe
(e.g., genetic) etiology underlying background cardiac abnormali-
ties. The gross morphology of the control and oil-exposed juveniles
that survived was indistinguishable, regardless of whether or not
they had edema as embryos (Fig. S5A–D). We  also assessed cra-
niofacial development in a subset of each group and found no
difference in pharyngeal arch number (i.e., ceratobranchials 1–7
present) or ossification (e.g., pharyngeal teeth present) between
oil-exposed and control juveniles (Fig. S5E–H).

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
08.011.

We also assessed the acute phototoxicity of MC252 oil sam-
ples using a previously established protocol (Hatlen et al., 2010) by

exposing embryos to HEWAFs, transferring them to clean water,
and then exposing them to ambient sunlight. We  directly com-
pared the phototoxicity of MC252 skim 1 and ANSCO in a subsample
of embryos (3 groups of 10 each) from control and high dose

http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
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Table  2
Relationship between embryonic pericardial edema and delayed mortality up to the juvenile stage following MC252 exposure.

Edema 48 hpf (percent) Mortality at 14 dpf (percent)

Non-edematous Edematous

Control 18 ± 2.5 (6, 35)a 4.0 ± 1.9 (5, 30) 26.7 (1, 30)
Oil-exposed 54.3 ± 2.0 (6, 35) 3.3 ± 1.9 (3, 30) 15.6 ± 4.0 (3, 30)b

licate.
.04).
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a For each group parentheses indicate number of replicates and embryos per rep
b Mortality significantly higher than non-edematous oil-exposed fish (t-test, P = 0

NSCO (38 ppm oil mass loading) and MC252 (113 ppm) treat-
ents from a cardiotoxicity assessment experiment (e.g., Table 2),

nd quantified the phototoxicity of AW-riser HEWAF in a second
ose–response test. For the skim 1/ANSCO comparison, ultraviolet
adiation was not recorded, but compared to previously measured
onditions (Hatlen et al., 2010) were estimated to be in the range
f 15,000–20,000 mW/m2. The UV dose was 15,410 mW/m2 for the
W-riser HEWAF exposure. Control embryos were unaffected by

his short sunlight exposure (Fig. S4A, A′), while both ANSCO (Fig.
4B, B′) and MC252 skim 1 (Fig. S4C, C′) produced modest pho-
otoxicity (relative to more potent bunker oils (Incardona et al.,
012b)) in the form of collapsed caudal finfold tissue and hemol-
sis (Movie S2). Essentially identical results were obtained with
W-riser HEWAF at nominal oil loads of 11, 33, and 100 ppm, which
aused both caudal finfold disintegration (Fig. 4B, Fig. S4D–G)) and
emolysis (Fig. 4C) in a concentration-dependent manner. In each
xperiment, caudal finfold damage and hemolysis were apparent
s soon as animals were returned indoors for microscopic exami-
ation (i.e., within minutes of terminating sunlight exposure), and
orsened in severity over an image acquisition period of about an
our.

Supplementary material related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.aquatox.2013.
8.011.

.3. Specific aspects of cardiovascular toxicity common to ANSCO
nd MC252

We  quantified the cardiotoxic effects of MC252 oils samples
y the occurrence and severity of pericardial edema as observed
icroscopically. The key developmental period for disruption

f cardiac function by petrogenic PACs is approximately 36 hpf
Incardona et al., 2004), when the atrioventricular conduction path-
ay is forming (Chi et al., 2008). Consistent with this, exposure

o MC252 crude oil beginning either shortly after fertilization
4–6 hpf) or after 24 hpf produced characteristic defects in cardiac
unction (e.g., Incardona et al., 2005; Carls et al., 2008) result-
ng in pericardial edema by 48 hpf, and effects were essentially
dentical whether embryos were exposed to filtered HEWAFs or
nfiltered preparations containing particulate oil. Filtered HEWAFs
ith equivalent nominal mass loadings (50 ppm) of MC252 riser

il and MC252 skim 3 had similar levels of total dissolved tri-
yclic PACs (

∑
TACs; 21 and 16 �g/L, respectively) and produced

imilar rates of pericardial edema (52 ± 10% and 42 ± 9%, respec-
ively) in embryos that were exposed from 24 hpf to 48 hpf (Fig. 5A).
owever, because of higher levels of naphthalenes,

∑
PACs were

uch higher for MC252 riser oil HEWAF than the MC252 skim
 HEWAF (170 �g/L vs. 34 �g/L, respectively; above and Fig. 1D).
mbryos exposed to MC252 riser oil displayed erythrocyte regur-
itation through the sinoatrial valve at a higher frequency than
hose exposed to MC252 skim 3 (Fig. 5B). While embryos exposed
rom shortly after fertilization (4–6 hpf) showed intracranial hem-

rrhages, this abnormality was notably absent in embryos exposed
o either MC252 oil sample beginning at 24 hpf.

We further assessed the dose-dependency of MC252 riser oil
ardiovascular toxicity by exposing embryos to unfiltered HEWAFs
from 4 to 48 hpf (Fig. 5C, D). In this experiment, edema was quanti-
fied by measuring the increase in pericardial area in lateral images
of embryos (Incardona et al., 2006). Nominal loadings of 10, 50 and
250 ppm mass oils produced HEWAFs with

∑
PACs (dissolved plus

particulate) of 84, 390, and 470 �g/L, respectively. The concentra-
tions of individual PACs in the 50 ppm loaded HEWAF were the
same as the method average determined during protocol devel-
opment (Fig. 1C) and, based on the average of filtered HEWAFs
(filtered to unfiltered

∑
TACs ratio of 0.24 ± 0.01; Fig. 1B), expected

levels of aqueous dissolved
∑

TACs in the 10, 50, and 250 ppm
HEWAFs were 5, 23, and 29 �g/L, respectively. The non-linearity
of PAC concentrations at the highest loading is most likely due to
larger droplets of oil that were observed adhering to the blender
wall, undispersed. Importantly, the severity of pericardial edema
(Fig. 5C) and frequency of intracranial hemorrhaging (Fig. 5D)
increased with oil dose.

We  also directly compared identical mass loadings of high
energy HEWAFs for four different MC252 samples and ANSCO
in simultaneous exposures (Fig. 6). Consistent with the findings
described above for the high energy HEWAF method development,
nominal 50 ppm mass loadings of the five different oils produced
different PAC concentrations in unfiltered HEWAFs that correlated
with sample viscosity and ease of physical dispersion (Fig. S2,
Table 1). The more fluid, less-weathered samples (ANSCO, MC252
riser with and without artificial weathering) produced HEWAFs
with higher

∑
PACs and generally more severe cardiotoxicity than

the relatively viscous surface slick samples (skims 2 and 3), as mea-
sured by either incidence (Fig. 6A) or extent (Fig. 6B) of pericardial
edema. Compared to the lower-potency oil–water emulsion sam-
ples (e.g., MC252 skim 1, Fig. 2D), the AW-riser oil was  more similar
to ANSCO. Nevertheless, MC252 riser oil HEWAF was only slightly
more cardiotoxic than the weathered samples (e.g., 65 ± 3% edema
for riser oil vs. 37 ± 10% edema for skim 3) despite having roughly
10-times higher levels of naphthalenes. For this oil type, however,
the frequency of edema appeared to correspond more closely with
the percentage of parent TACs than

∑
TACs (parent plus alkylated

forms; Table 1).
Finally, we characterized the effect of exposure to MC252 oil

on cardiac function by digital video analysis. Embryos exposed
to a HEWAF of MC252 artificially weathered riser oil (100 ppm
nominal mass oil load) from 24 to 48 hpf were not different from
controls in terms of the dimensions of the atrium during both
diastole and systole, nor was there a difference in atrial contrac-
tility as measured by fractional shortening (Table 3). In contrast,
MC252-exposed embryos had ventricles with significantly reduced
diastolic diameters and contractility, but no change in systolic
diameter.

3.4. Tissue-specific patterns of CYP1A induction following
exposure to MC252 HEWAF

The distribution of CYP1A protein in embryos exposed to MC252

riser oil over durations of 4–48 hpf was  assessed by immunofluores-
cence and confocal microscopy (Fig. 7). Unexposed control embryos
showed background levels of CYP1A expression in the form of rel-
atively weak immunofluorescence in vascular endothelium and

http://dx.doi.org/10.1016/j.aquatox.2013.08.011
http://dx.doi.org/10.1016/j.aquatox.2013.08.011
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Fig. 5. Dose-dependent cardiovascular toxicity of MC252 riser oil. Embryos were exposed to filtered HEWAFS from 24 to 48 hpf (A, B) or unfiltered HEWAFs from 4 to 48 hpf
(C,  D). Data represent ∼50 embryos total from three replicates for each treatment (means ± s.e.m. for N = 3). ANOVA was significant for effect of treatment for incidence
of  pericardial edema (P = 0.02) and regurgitation (P = 0.003) and nested ANOVA for pericardial area was  significant for effect of treatment (P < 0.001). Statistically similar
treatments are indicated by letters (post hoc test using Tukey–Kramer HSD,  ̨ = 0.05). Statistical analysis was  not applied to intracranial hemorrhage data. PAC values (�g/L)
o TA
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e
l
o
e
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n

n  the x-axis represent (A, B) measured total dissolved
∑

PACs and total dissolved
∑

issolved
∑

TACs (bottom).
pidermal cells scattered over the eye (Fig. 7A), with no CYP1A
abeling in the heart (Fig. 7B). In contrast, exposure to MC252 riser
il resulted in strong CYP1A immunofluorescence throughout the
ntire epidermis, with a patchwork pattern of high and low levels

able 3
ardiac function in embryos exposed to MC252 crude oil from 24 to 48 hpf.

Cardiac measure Control 

Atrial diastolic diameter (�m) 93.2 ± 3.6 

Atrial  systolic diameter (�m) 64.6 ± 1.8 

Ventricular diastolic diameter (�m) 93.2 ± 1.8 

Ventricular systolic diameter (�m) 65.9 ± 2.5 

Atrial  contractility (%) 29.9 ± 2.9 

Ventricular contractility (%) 29.3 ± 2.3 

a Cardiac measures were obtained from 3 to 4 digital videos from 3 treatment replicat
ested  within treatment. P-Values shown are for effects of oil exposure. No measure show
Cs and (C, D) measured total dissolved plus particulate
∑

PACs (top) and estimated
in individual cells (Fig. 7C). CYP1A immunofluorescence was
also observed in endothelial cells lining the heart (endocardium;
Fig. 7D) but not in myocardial cells marked by myosin heavy chain
immunofluorescence (Fig. 7D′ and D′′). CYP1A induction was  also

Oil exposed P-Valuea

100.2 ± 7.5 0.5
67.9 ± 3.4 0.4
76.0 ± 4.3 0.004
61.8 ± 2.6 0.2
30.7 ± 2.9 1
17.9 ± 2.3 0.003

es (10 embryos total per treatment). Data were analyzed by ANOVA with replicate
ed an effect of replicate (e.g., “tank” effect; P values ranged from 0.11 to 0.73).
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Fig. 6. Comparative cardiotoxicity of MC252 and ANSCO crude oils. Embryos were
exposed to HEWAFs with 50 ppm nominal oil loads from 4 to 48 hpf and 15 to 20
embryos from each replicate were randomly selected for collection of lateral dig-
ital  video clips. Incidence of edema (A) was scored by assessing each video clip,
and still frames were generated to measure pericardial edema area (B). Data are
mean ± s.e.m. for the given N (A), or for N = 3 (B). Data in A were derived from two
independent experiments (that included artificially weathered [AW] riser, skim 2
and  ANSCO) with three replicate groups each; data in B are from a single experiment.
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Fig. 7. CYP1A immunofluorescence in embryos exposed to MC252 riser oil. Embryos
were exposed from 4 to 48 hpf, fixed and processed for CYP1A (green) and myosin
heavy chain (red, marking cardiomyocytes) immunofluorescence. (A, B) Control
embryos, (C, D) embryos exposed to MC252 riser HEWAF. (B, D) CYP1A immunofluo-
rescence; (B′ , D′) myosin heavy chain immunofluorescence; (B′′ , D′′) merged image.
Scale bars are 200 (A, C) and 50 �m (B, D). Filled arrowheads indicate CYP1A+ epider-
mal  cells, smaller arrows indicate CYP1A+ endocardial cells, and unfilled arrowheads
indicate myocardial cells lacking CYP1A immunofluorescence. Images are represen-
ested ANOVAs were significant for effect of treatment (P < 0.001), and statistically
imilar treatments are indicated by letters (post hoc test using Tukey–Kramer HSD,

 = 0.05). PAC values are measured total dissolved and particulate.

vident in vascular endothelial cells throughout the trunk (not
hown).

. Discussion

The spawning seasons of many fish species in the northern
ulf of Mexico overlapped with the active crude oil release phase
uring the Deepwater Horizon incident, prior to the containment
f the blown out MC252 wellhead (Arocha et al., 2001; Block et al.,
005; Grimes et al., 1990; Lang et al., 1994; McEachran et al.,
980; Murie and Parkyn, 2008; Rooker et al., 2012; Taylor et al.,
011; Teo et al., 2007; Thompson et al., 1991). Developing fish
mbryos were therefore likely to have been exposed to physically
nd chemically dispersed oil in the open Gulf, from the seafloor to
unlit surface waters, as well in contaminated marshes and other
earshore habitats. Exposure of zebrafish embryos to MC252 crude
il produced a familiar suite of abnormalities that includes cardiac
ysfunction (e.g., reduced contractility) and dysmorphogenesis
e.g., defective looping), as well as finfold defects and intracranial
emorrhaging. Our side-by-side comparison of MC252 and Alaska
orth Slope crude oil embryotoxicity has thus shown that the

ormer produces familiar types of cardiac injury, as elucidated by
ears of research on the latter (Incardona et al., 2012a; Peterson
t al., 2003; Rice et al., 2001). The injury phenotype was consistent

espite physical or chemical differences between MC252 and
ther crude oils, and the potency of artificially weathered MC252
il was similar to artificially weathered ANSCO. Importantly, the
ebrafish cardiac phenotype associated with MC252 oil exposure
tative of ∼20 embryos examined for each treatment.

was nearly identical to that described previously (and confirmed
here) for ANSCO (Incardona et al., 2005) as well as Iranian heavy
crude oil (Jung et al., 2013). Each of these three geologically distinct
crude oils specifically reduced diastolic relaxation of the ventricle,
impairing its contractility and resulting in poor cardiac looping.

The relative sensitivity of zebrafish embryos to crude oil toxicity
compared to marine embryos indigenous to the Gulf of Mexico is
unknown. However, although the

∑
PAC concentrations produc-

ing severe cardiotoxicity tested here are at least 10-times higher
than those that produce similar effects in temperate species such
as Pacific herring (Incardona et al., 2012b), they are in the range of
levels detected during the Deepwater Horizon incident (e.g., up to∑

PACs 189 �g/L; Diercks et al., 2010). While cold-water species
such as herring and salmon have been intensively studied, there is
little information on how the higher temperatures of the Gulf of
Mexico (e.g., 25–28 ◦C) might modify PAC bioavailability and crude

oil toxicity. However, our findings with tropical zebrafish cultured
at 28 ◦C suggest that the higher temperatures in the Gulf would not
mitigate MC252 cardiotoxicity in fish embryos.
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The steady release of oil under high pressure, together with the
pplication of dispersant at the damaged wellhead, led to forma-
ion of large subsurface plumes of oil droplets (Adcroft et al., 2010;
amilli et al., 2010; North et al., 2011). We  have developed a simple
xperimental approach to produce aqueous suspensions of small
il droplets. This high energy WAF  method can be used in subse-
uent studies to systematically assess the toxicity of MC252 crude
il to embryos of native Gulf fishes and other open water organisms.
or both unweathered MC252 riser oil and more viscous surface
lick samples, the blender method generated high-energy WAFs
ith highly reproducible and consistent oil droplet sizes and PAC

ompositions in both dissolved and particulate fractions. Overall
roplet diameters were toward the lower end of the environmen-
ally relevant size range for droplets that formed subsurface plumes
uring the Deepwater Horizon spill (10–50 �m (North et al., 2011)).
hile PAC measurements are essential to any systematic toxicity

esting program, the high reproducibility of the blender HEWAF
ethod has the potential to reduce costs by providing consistent

issolved PAC concentrations based on nominal oil loads.
Although the precise compounds responsible for phototoxic-

ty remain unknown (Barron and Ka’aihue, 2001; Hatlen et al.,
010), ANSCO and MC252 crude oils produced morphologically

ndistinguishable photosensitization reactions with a severity that
orrelated with nominal dosing predicted to produce ANSCO and
C252 skim 1 HEWAFs with comparable aqueous PAC concentra-

ions, based on the measured PAC concentrations in each of these
il samples. Lethal phototoxicity has recently been documented in
arine fish embryos following a spill of more toxicologically potent

esidual fuel oil in the turbid waters of San Francisco Bay (Incardona
t al., 2012a, 2012b), and our current findings indicate a potential
or phototoxic effects of MC252 oil in the comparatively translucent
unlit surface waters of the Gulf of Mexico.

The morphological and functional defects following continu-
us exposure to MC252 oil HEWAFs starting near the beginning
f gastrulation (∼4 hpf) up to 48 hpf (early hatching stage) were
irtually indistinguishable from those caused by ANSCO exposure
Incardona et al., 2005), with patterns of CYP1A induction nearly
dentical for both oil types. At the same time, exposures start-
ng after initial formation of a functional heart tube (e.g., 24 hpf)
roduced the same defects in heart looping and contractility as
hose observed for exposures that began shortly after fertiliza-
ion (e.g., 4–6 hpf). In either case, we observed no novel forms of
evelopmental toxicity in response to MC252 oil exposures. The
ardiotoxic effects of unweathered and weathered MC252 oil sam-
les were largely the same, and these oil samples differed primarily

n potency when considered on the basis of total PAC content.
onsequently, the toxicity of unweathered MC252 riser oil was
omparable to weathered samples (e.g., skim 3) despite very dif-
erent

∑
PAC concentrations, due to the much larger fraction of

aphthalenes in the former. These findings are consistent with a
ealth of data on ANSCO showing that toxicity based on units of
PAC increases with weathering as the relative proportion of the

ricyclic PACs increases and naphthalenes are lost (e.g., Carls et al.,
999; Heintz et al., 1999).

Our findings also provide further evidence for a gradient
f oil exposure phenotypes in developing teleost fish that are
oncentration-dependent and fall into three broad categories: (1)
efects in cardiac form and function (i.e., cardiotoxicity), (2) defects

n other tissues that are secondary to reduced cardiac function, and
3) cardiac-independent defects. At the high end of the gradient,
rreversible heart failure leads to a cascade of effects secondary to
oss of circulation, resulting in severe edema, craniofacial abnor-
alities, and in some cases body axis distortion. These defects occur
n parallel with cardiac-independent intracranial hemorrhages and
nfold defects (Incardona et al., 2004, 2005; Jung et al., 2013). At
his higher end of the gradient, affected fish have jaw deformities
 142– 143 (2013) 303– 316 313

and reduced swimming that preclude feeding, and they die as lar-
vae (present results; Hicken et al., 2011). At the low end of the
severity gradient, embryos display only subtle cardiotoxic effects,
as evidenced in this study by mild edema at the hatching stage
(48 hpf). These fish survive as larvae in a laboratory husbandry
facility, and they subsequently appear outwardly normal. However,
fluid accumulation around the heart during embryonic develop-
ment is an indicator of disrupted cardiovascular function during a
critical window of cardiac morphogenesis. The formation of the fish
heart follows function (Glickman and Yelon, 2002; Schoenebeck
and Yelon, 2007), and it has been previously shown that oil-exposed
zebrafish survive to adulthood albeit with permanent changes to
the shape of the heart that reduce swimming performance (Hicken
et al., 2011). Under natural conditions, these types of permanent
effects would likely reduce fish survival at juvenile, subadult, or
adult life stages. Overall, cardiac morphogenesis is the most sensi-
tive and diagnostic indicator of injury in fish embryos exposed to
relatively low levels of crude oil, including MC252 crude.

A recent investigation reported similar gross phenotypes in
zebrafish embryos and larvae exposed to much higher concentra-
tions of MC252 riser oil WAF  prepared by a different method (de
Soysa et al., 2012). Severely affected embryos were evaluated at
later stages of development (up to 5 dpf) than for this study. Several
potentially novel phenotypes were identified, including abnor-
mal  locomotor responses. Notably, a phenotype displaying variable
reduction in posterior elements of the craniofacial cartilages (cer-
atobranchials 5–7) was also observed. This was attributed to a
similarly variable reduction in migratory neural crest cells that give
rise to posterior arches (Schilling and Kimmel, 1994), suggesting by
extension that MC252 oil-induced cardiac defects were caused by
a reduction in neural crest cells that migrate from the pharyngeal
arches and differentiate into cardiomyocytes (de Soysa et al., 2012).
In zebrafish, the cells that give rise to cardiomyocytes come from
two general populations during two periods of development. The
first source is the primary heart field during the initial development
of the primitive heart tube (16–24 hpf) (Yelon et al., 1999), followed
by cells from the secondary heart field during later maturation
of the ventricle and outflow tract (24–60 hpf) (Hami et al., 2011;
Lazic and Scott, 2011; Zhou et al., 2011). The primary heart field,
a bilateral region of cells in the anterior lateral plate mesoderm,
provides myocardial precursors to the forming atrium and ventri-
cle (Glickman and Yelon, 2002; Yelon et al., 1999). In a process that
distinguishes zebrafish from other vertebrates, neural crest cells
also migrate from the adjacent pharyngeal arches and contribute
to the cell population of the primary heart field (Li et al., 2003; Sato
and Yost, 2003). Embryos in which neural crest cells are ablated or
fail to migrate or differentiate due to genetic loss-of-function dis-
play a cardiac phenotype that is superficially similar to the crude
oil injury phenotype (e.g., imperfect looping, reduced contractility
and heart rate (Li et al., 2003; Sato et al., 2006)). Notably, neu-
ral crest cell migration to the primary heart field occurs between
the 16- and 22-somite stages (∼16–19 hpf) (Sato et al., 2006). In
the current study we  find (1) conventional cardiotoxicity following
exposures that began after this developmental window (24–48 hpf)
and (2) normal craniofacial development in juveniles that displayed
cardiotoxicity (edema) at 48 hpf. Together, these results rule out
perturbed cardiac neural crest migration as the underlying mecha-
nism for the observed defects in heart form and function in response
to the much lower MC252 crude oil exposure concentrations used
in this study, or in previous studies using other crude oils.

The absence of intracranial hemorrhage in embryos exposed
during the 24–48 hpf developmental window provides some

insight into the etiology of this defect. Although blood–brain bar-
rier formation occurs after 48 hpf in zebrafish (Jeong et al., 2008), a
key period of cerebrovascular stabilization spanning 36–52 hpf was
revealed by analyses of zebrafish vascular mutants bubblehead and
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edhead (Buchner et al., 2007; Liu et al., 2007). Oil exposures prior to
4 hpf are necessary to produce hemorrhaging; however, hemor-
hages appear later in the same ontogenetic window as for bubble-
ead and redhead mutants. Similar to these two mutants, the vessels
f crude oil-exposed embryos appear to undergo repair after hem-
rrhage occurs. Molecular analyses of these mutants and additional
orpholino knockdown studies revealed a cerebrovascular stabi-

ization pathway that involves �Pix, a guanine nucleotide exchange
actor for Rac and Cdc42, its binding partner p21-activated kinase 2
Pak2), integrin �v�8, and A-kinase anchoring protein 12 (AKAP12)
Buchner et al., 2007; Kwon et al., 2012; Liu et al., 2007, 2012).
imilar hemorrhages occur in the same developmental period with
xposure to high molecular weight PACs containing four or more
ings that are potent agonists of the aryl hydrocarbon receptor
AHR) (Incardona et al., 2006, 2011), but these compounds are typ-
cally present only at very low concentrations, or are absent, in
rude oil HEWAFs. It is unclear whether hemorrhaging is AHR-
ediated in HEWAF-exposed embryos, because AHR knockdown

xacerbated oil-induced cardiac defects, and embryos with reduced
irculation did not exhibit hemorrhage (Incardona et al., 2005).
evertheless, the p21-activated kinase/integrin pathway could be

 direct or indirect target (e.g., downstream of AHR activation) of
s-yet unidentified crude oil compounds.

Reductions of finfold outgrowth and finfold malformations are
ommon among embryos exposed to different crude oils, includ-
ng MC252, ANSCO (Incardona et al., 2005) and Iranian heavy crude
Jung et al., 2013). Similar finfold phenotypes have also been docu-

ented in a number of zebrafish mutants and morphants, providing
 possible indication of the underpinning molecular pathways for
his form of crude oil toxicity. These include the mutants pin-
n, blasen,  rafels and sturgeon. With the exception of sturgeon, all

nvolve mutations in extracellular matrix (ECM) genes. In particu-
ar, the Fras1/Frem complex in pinfin,  blasen,  and rafels is disrupted,
esulting in a reduced basement membrane – i.e., dermis attach-
ent in the developing finfold (Carney et al., 2010). This leads

o blisters resembling those observed in older (e.g., 72 hpf) oil-
xposed embryos (Incardona et al., 2005). A similar phenotype was
bserved in the sturgeon mutant, which disrupts furinA, a propro-
ein convertase necessary for proteolytic cleavage of Fras1/Frem
roteins from the cell surface into the finfold basement mem-
rane (Carney et al., 2010). Outgrowth of the finfold is dependent
n actinotrichia, non-calcified skeletal elements that are visible as
rush-like rays in the caudal finfold. Actinotrichia require colla-
en type I and II isoforms that are encoded by col1a1a and col2a1b
enes. Knockdown of the latter produced a much more severe loss
f finfolds, while col1a1 knockdown resulted in a phenotype of
horter actinotrichia and reduced caudal finfold outgrowth that is
ery similar to the effects of oil exposure (Duran et al., 2011). Furins
re also known to target collagens among other fin morphogene-
is proteins in addition to the Fras1/Frem complex (Lehmann et al.,
996; Veit et al., 2007). Therefore, a reduced finfold outgrowth in
esponse to crude oil exposure could result from direct effects on
ny of these ECM structural elements or through effects on furin-
ependent post-translational processing. The chemical etiology is
ot well defined to date because individual PACs evaluated as sin-
le compounds do not produce similar finfold defects (Incardona
t al., 2004, 2005, 2006, 2011; Scott et al., 2011).

The Exxon Valdez spill had long-lasting ecosystem impacts on
eritic and pelagic habitats in Prince William Sound, causing

ncreased mortality in developing pink salmon for several years
fter the spill (Rice et al., 2001). Other species were affected to
arying degrees (Peterson, 2001), and the Exxon Valdez disaster

ay  have caused the population-scale collapse of Pacific herring

Thorne and Thomas, 2008). A large number of studies on ANSCO
n the years following the Exxon Valdez spill yielded a wealth of
nsights into the acute and long-term effects of crude oil on fish
 142– 143 (2013) 303– 316

early life stages and pinpointed the cardiovascular system as the
major point of injury. Using the zebrafish model as a bridge species,
we have shown that MC252 oil and ANSCO are substantively similar
in terms of canonical crude oil toxicity to embryos and larvae. While
many aspects of the etiology of impact in a warm water environ-
ment (Gulf of Mexico) remain unknown, the established literature
can inform resource managers and others working to assess year-
class losses of marine fish species that spawned in the northern
Gulf of Mexico during and after the Deepwater Horizon incident.
Importantly, a much greater diversity of teleost fishes use this sub-
tropical spawning habitat relative to fish assemblages spawning
in the much colder waters of Prince William Sound. A renewed
focus on crude oil toxicity in the aftermath of the largest spill in
U.S. history will extend the insights gained following the Exxon
Valdez spill. Specifically, new research will likely spur discoveries
into the precise mechanisms by which tricyclic PACs disrupt car-
diac function and development in fish. This in turn will improve
the scientific basis for diagnosing oil exposure and injury, thereby
informing future environmental surveillance efforts.
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