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ABSTRACT
The aryl hydrocarbon receptor (AHR) is a ligand-activated tran-
scription factor that dimerizes with ARNT to mediate responses
to compounds such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD). TCDD and other AHR agonists cause toxic responses
in early life stages of fish, including the zebrafish, Danio rerio.
The most well characterized target gene for the AHR/aryl hy-
drocarbon receptor nuclear translocator (ARNT) dimer is a cy-
tochrome P450, CYP1A. Induction of CYP1A by TCDD has
been correlated with certain toxic responses in developing
zebrafish and has been postulated to mediate these responses.
To determine whether CYP1A is the important downstream
effector enzyme for the AHR/ARNT pathway, we used morpho-

lino oligonucleotides (MOs) to block induction of CYP1A in
response to TCDD in zebrafish embryos. Although the
zfcyp1a-MO effectively prevented CYP1A up-regulation, it did
not prevent the signs of developmental toxicity, including peri-
cardial edema, slowed blood flow, craniofacial malformation,
and defects in erythropoiesis. We conclude that the important
target for the AHR/ARNT pathway in developing zebrafish ex-
posed to TCDD is not zfcyp1a. This suggests an alternative
model in which TCDD-activated AHR/ARNT disrupts the nor-
mal process of growth and development by altering programs
of gene expression or function.

Embryonic exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a widespread environmental contaminant, causes
systemic toxicity during embryonic development in many fish
species. Exposure to TCDD causes cardiovascular dysfunc-
tion, edema, hemorrhage, craniofacial malformation, ane-
mia, and mortality in developing fish (Walker and Peterson,
1994; Henry et al., 1997; Belair et al., 2001; Tanguay et al.,
2003).

TCDD causes toxicity through activation of the aryl hydro-
carbon receptor (AHR) pathway (Schmidt and Bradfield,
1996). TCDD binding to AHR causes its translocation to the
nucleus and dimerization with the aryl hydrocarbon receptor
nuclear translocator (ARNT). AHR/ARNT dimerization
forms a transcriptional activator that binds specific DNA
enhancer sequences, termed dioxin response elements, to

regulate gene expression (Schmidt and Bradfield, 1996; Row-
lands and Gustafsson, 1997). The AHR/ARNT pathway has
been extensively studied across vertebrate classes (Hahn,
1998). In fish species, activation of the AHR/ARNT pathway
by TCDD along with other members of a large family of
related AHR agonists has produced early life stage mortality
leading to the near extinction of at least one fish species
(Cook et al., 2003).

The best understood target gene for the AHR/ARNT dimer
encodes cytochrome P450 1A (CYP1A) (Nebert et al., 1990).
In zebrafish embryos exposed shortly after fertilization,
TCDD causes a robust and sustained elevation of CYP1A
levels (Andreasen et al., 2002b) that precedes development of
the different endpoints of toxicity (Henry et al., 1997, Prasch
et al., 2003). In medaka embryos, TCDD produces elevated
CYP1A levels before development of cardiovascular toxicity
(Wisk and Cooper, 1990; Cantrell et al., 1996, 1998). Further-
more, in lake trout, the dose-response curves for larval mor-
tality and induction of CYP1A are closely correlated (Guiney
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et al., 1997), and the increase in vascular permeability
caused by TCDD in trout larvae is preceded by CYP1A
mRNA induction (Guiney et al., 2000).

In addition to these correlations, there are several possible
mechanisms by which elevated CYP1A could produce develop-
mental toxicity. A widely researched model in fish embryos
postulates that increased CYP1A activity could cause oxidative
stress by the release of reactive oxygen species from the P450-
reductase complex during the activation of molecular oxygen
(Schlezinger et al., 2000; Dalton et al., 2002). In support of this
model, pretreatment with N-acetyl cysteine, an agent that in-
creases glutathione production, provided partial protection
against TCDD-induced mortality in medaka (Cantrell et al.,
1996) and TCDD-induced reduced blood flow in zebrafish em-
bryos (Dong et al., 2002). In addition, piperonyl butoxide, a
compound that inhibits various mixed-function oxidases, also
protected against TCDD-induced mortality in medaka embryos
(Cantrell et al., 1996). Proadifen and miconazole, other inhibi-
tors of cytochromes P450, also protected against TCDD-induced
reductions in mesencephalic vein blood flow in zebrafish em-
bryos (Dong et al., 2002).

These associations between CYP1A induction and toxic-
ity suggest that CYP1A may be the effector enzyme for the
AHR/ARNT pathway and that induction of CYP1A may be
the mediator of toxic responses in fish embryos. If CYP1A
is indeed the mediator of toxic responses, then understand-
ing processes downstream of CYP1A induction is of para-
mount importance. On the other hand, if CYP1A is not
mediating these responses, it will be important to focus on
other, as-yet-undiscovered targets for the AHR/ARNT
pathway.

The sensitivity of zebrafish embryos to TCDD and the
wealth of molecular and genetic tools available with this
model organism make the zebrafish an attractive model for
examining the mechanism of TCDD toxicity in fish embryos.
In the zebrafish, antisense morpholino oligonucleotides
(MOs) can be used to knock down expression of specific genes
during the early stages of embryonic development (Nasevi-
cius and Ekker, 2000). This enables us to block induction of
zfCYP1A by TCDD and determine whether this protects
against developmental toxicity. A disadvantage of MO knock-
down is that the MO is progressively degraded and diluted
until it loses effectiveness around 4 days after fertilization.
However, we know that this time frame is sufficient to test
the hypothesis, because MO knockdown of zfAHR2, the ze-
brafish AHR isoform that binds TCDD (Andreasen et al.,
2002a), blocked TCDD induction of zfCYP1A and protected
against embryotoxicity, demonstrating the role of zfAHR2 in
this process (Prasch et al., 2003; Teraoka et al., 2003; Dong et
al., 2004).

In this study, we used a zfcyp1a-MO to test the hypothesis
that zfCYP1A induction causes the toxic responses to TCDD
in developing zebrafish. We will show that although the
zfcyp1a-MO effectively blocked TCDD-induced zfCYP1A pro-
tein expression and enzyme activity, it did not protect
against TCDD-induced pericardial edema, reduced blood
flow, lower jaw malformation, or erythropoiesis defects.
Based on these findings, the present publication will con-
clude that although TCDD causes toxicity through activation
of the zfAHR2 signaling pathway, zfCYP1A is not the medi-
ator of these toxic responses

Materials and Methods
Morpholinos. Morpholinos designed to block initiation of trans-

lation of zebrafish aryl hydrocarbon receptor 2 (zfahr2-MO) mRNA
and zebrafish cytochrome P450 1A (zfcyp1a-MO) mRNA were ob-
tained from Gene Tools (Philomath, OR). The zfahr2-MO sequence
(5�-GTACCGATACCCTCCTACATGGTT-3�) complements 24 bases
flanking the AUG start codon of zfAHR2 cDNA (GenBank accession
number AF063446). The zfcyp1a-MO sequence (5�-TGGATACTTTC-
CAGTTCTCAGCTCT-3�) complements 25 bases of zfCYP1A cDNA
(GenBank accession number AB078927) 29 bases upstream from the
AUG start codon. Both morpholinos were fluorescein-tagged to mon-
itor injection success. Gene Tools’ standard control morpholino (5�-
CTCTTACCTCAGTTACAATTTATA-3�) was used as the control
morpholino (control-MO). The control-MO and zfcyp1a-MO were di-
luted to 0.15 mM and the zfahr2-MO to 0.1 mM in Danieau’s solution
[58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM
HEPES, pH 7.6] before injection (Nasevicius and Ekker, 2000).

Zebrafish Embryos and Microinjection of Morpholinos. Fer-
tilized embryos were obtained from adult AB strain fish bred and
maintained in our laboratory at 27°C with a 14-h/10-h light/dark
cycle (Westerfield, 1995). Embryos were raised under the same tem-
perature and light conditions in egg water (60 �g/ml Instant Ocean
Salts; Aquarium Systems, Mentor, OH) throughout the experiments.

Newly fertilized one-celled embryos were collected at 20-min in-
tervals for microinjection of zfahr2-MO, zfcyp1a-MO, or control-MO
with a Narishige IM300 Microinjector (Tokyo, Japan). Each embryo
was injected with 2 nl of morpholino, resulting in about 1.8 ng of
zfahr2-MO or 2.6 ng of zfcyp1a-MO or control-MO delivered to each
embryo. Within 2 h of injection, the embryos were sorted to remove
unfertilized or damaged embryos. Viable zfahr2-MO and zfcyp1a-
MO–injected embryos were then assessed for fluorescence to deter-
mine injection success and even distribution of the morpholino
throughout the embryo cell mass. Only zfahr2-MO and zfcyp1a-MO
embryos exhibiting strong fluorescence at 2 h were used.

Waterborne Exposure of Embryos to TCDD. 2,3,7,8-Tetra-
chlorodibenzo-p-dioxin (TCDD) of �99% purity from Chemsyn (Le-
nexa, KS) was dissolved in dimethyl sulfoxide (DMSO) to prepare a
stock solution for dosing. Uninjected embryos, zfahr2-MO–injected
embryos, zfcyp1a-MO–injected embryos, and control-MO–injected
embryos were statically exposed to TCDD for 1 h at 4 h postfertil-
ization (hpf) by maintaining embryos in egg water containing either
vehicle (0.1% DMSO) or TCDD (0.4 ng/ml). Embryos were placed in
glass vials with no more than 3 embryos/ml of egg water and exposed
to either vehicle or TCDD for 1 h with gentle rocking. After exposure,
the embryos from each vial were rinsed with egg water and trans-
ferred to either 1 well of a 24-well plate, 1 well of a six-well plate, or
to a 100-mm Petri dish containing egg water.

Experimental Design. Eight treatment groups, uninjected �
vehicle, control-MO � vehicle, zfahr2-MO � vehicle, zfcyp1a-MO
� vehicle, uninjected � TCDD, control-MO � TCDD, zfahr2-MO �
TCDD, and zfcyp1a-MO � TCDD, were used in these experiments.
For each experiment, n was defined as the set of embryos exposed to
TCDD or vehicle in a single vial. For the assessment of pericardial
edema, red blood cell (RBC) perfusion rate, RBC morphology, and
lower jaw morphology, 8 embryos were individually exposed to
TCDD or vehicle for each replicate, and n � 1 is defined as a single
embryo. Two replicates were assessed for pericardial edema, RBC
perfusion rate, and lower jaw morphology for a total of n � 16 for
each treatment group. One replicate with an n � 8 for each treat-
ment group was assessed for RBC morphology. For quantitation of
zfCYP1A protein, 10 embryos were exposed to TCDD or vehicle in a
single vial for each treatment group for each of three replicates.
Therefore, n � 1 is defined as a set of 10 embryos, and the results of
three replicate experiments were averaged. For assessment of
zfCYP1A enzyme activity, four embryos were exposed in a single vial
for each treatment group. Therefore, n � 1 is defined as a group of
four embryos, and this experiment was repeated twice. To assess
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localization of zfCYP1A protein, three embryos from each treatment
group were exposed to TCDD or vehicle. Three replicates were as-
sessed so that n � 1 is defined as a set of three embryos, and n � 3
for the entire experiment.

Imaging. All observations and imaging were done on a Nikon
Eclipse TE300 inverted microscope with epifluorescence and differ-
ential interference contrast capabilities. Images and movies were
captured using Universal Imaging Corporation Metamorph software
and a Princeton Instruments Micromax charge-coupled device cam-
era.

zfCYP1A Protein Abundance. Total zfCYP1A protein in ze-
brafish embryos from each treatment group was determined by
Western blot of protein samples with monoclonal antibody mAb
1-12-3 (Park et al., 1986). Sample embryos were anesthetized (4
mg/ml tricaine), manually deyolked, snap frozen in liquid nitrogen,
and stored at �80°C. Protein was extracted from embryos by adding
2� SDS buffer (0.68 M Tris-HCl, pH 6.8, 10% glycerol, 5% �-mer-
captoethanol, and 3.5% SDS) to embryos and manually homogeniz-
ing tissue. The entire sample for each treatment (10 embryos/lane)
was loaded onto an 8% polyacrylamide gel. Samples were transferred
to nitrocellulose membranes and blocked 1 h in 5% dry milk in
Tris-buffered saline with 0.1% Tween 20 (TBST) before being probed
with mouse anti-CYP1A mAb 1-12-3 primary antibody at 0.3 �g/ml,
in 1% dry milk in TBST for 1.5 h. After several washes with TBST
the membranes were incubated in peroxidase-labeled anti-mouse
secondary antibody (1:1000 dilution of stock in 1% dry milk in TBST;
ECL Western Blotting analysis system, Amersham Biosciences) for
2 h then washed again several times in TBST. Protein bands for
zfCYP1A were visualized by addition of ECF reagent (ECF Western
Blotting Analysis System, Amersham Biosciences) to the membranes
followed by chemiluminescence detection using a Storm Phospho-
rImager (Amersham Biosciences). Individual bands in the captured
images were quantitated in ImageQuant.

Ethoxyresorufin O-deethylase Assay. To assess zfCYP1A en-
zyme activity in embryos from each treatment group, an in vivo
EROD assay was performed in which nonfluorescent 7-ethoxyresoru-
fin diffuses into the embryo and is O-deethylated to a fluorescent
product, resorufin, by zfCYP1A (Nacci et al., 1998). 7-Ethoxyresoru-
fin (Sigma) was dissolved in DMSO to prepare a stock solution (0.8
mg/ml). Individual embryos from each treatment group were exposed
to 0.4 �g/ml ethoxyresorufin for 5 min by adding the appropriate
volume of stock solution to embryos in egg water. At the end of the
incubation period, embryos were mounted in 3% methylcellulose to
immobilize the embryos for observation and imaging with epifluo-
rescence microscopy equipped with an EROD filter (excitation �, 577
nm; emission �, 620 nm).

Whole-Mount Immunolocalization of zfCYP1A. Tissue-spe-
cific expression of zfCYP1A in zebrafish embryos from each treat-
ment group was determined using monoclonal antibody mAb 1-12-3
as described previously (Andreasen et al., 2002b; Prasch et al., 2003).
In brief, embryos were fixed overnight in 4% paraformaldehyde in
phosphate-buffered saline (PBS) at 4°C, dehydrated in a methanol
series, and stored at �20°C for several days. Embryos were rehy-
drated gradually into PBS, incubated 20 min in acetone at �20°C,
washed once with PBS, and then digested in collagenase (1 mg/ml)
for 45 min to permeabilize embryos for staining. Embryos were then
blocked in 10% normal calf serum in PBS with 0.1% Tween 20
(PBST) for 1 h followed by an overnight incubation at 4°C in 0.3
�g/ml mAb 1-12-3. After being washed several times in PBST, em-
bryos were incubated with a secondary antibody (Alexa-488 conju-
gated goat anti-mouse; Molecular Probes, Eugene, OR) for 5 h at
room temperature. Embryos were washed several times with PBST
and stored in glycerol at 4°C for 48 h before visualization by epiflu-
orescence microscopy. To control for nonspecific staining by the sec-
ondary antibody, a subset of embryos was stained without addition of
the primary mAb 1-12-3 antibody, and no staining was observed in
these embryos.

Pericardial Sac Area. The incidence and amount of pericardial
edema in embryos from each treatment group were determined by
quantitation of the pericardial sac area. Embryos were mounted in
3% methylcellulose, carefully positioned for imaging of the lateral
view, and photographed. To measure pericardial sac area, the peri-
cardial sac of each lateral view image was outlined, and the area
within each outline quantitated by Scion Image for Windows (http://
www.scioncorp.com). The average pericardial area in vehicle-treated
uninjected embryos without edema was calculated as background
and subtracted from each measurement; the resulting value repre-
sents the area due to edema caused by the treatment applied to each
group.

Red Blood Cell Perfusion Rate. As an index of regional blood
flow in the trunk, the RBC perfusion rate was measured in an
intersegmental vessel in the posterior quarter of the trunk as first
described by Teraoka et al. (2002). Time-lapse recordings of embryos
mounted in 3% methylcellulose were used to image RBCs passing
through an intersegmental vessel in 10 s as described by Prasch et al.
(2003). In brief, RBCs were recorded for 100 frames (10 s), and the
stacks of images were converted to movies with Metamorph software
so that the number of RBCs passing a defined point in the interseg-
mental vessel could be counted.

Lower Jaw Morphology. To assess lower jaw morphology, em-
bryos from each treatment group were mounted in 3% methylcellu-
lose, carefully positioned for imaging of the lateral view of the head,
and photographed. The distance of the gap between the anterior edge
of the eye and the posterior end of Meckel’s cartilage was determined
and used as an index of lower jaw extension.

Erythrocyte Morphology. Blood collection and determination of
RBC shape were performed as described previously (Belair et al.,
2001; Prasch et al., 2003). In brief, RBCs were collected from anes-
thetized zebrafish embryos (4 mg/ml tricaine in 1% bovine serum
albumin in calcium and magnesium-free PBS, pH 7.4) from each
treatment group onto glass slides by cardiac puncture. The RBCs
were observed by differential interference contrast microscopy and
photographed. The number of round and elliptical RBCs from each
embryo was counted to calculate the percentage that each cell type
contributed to the total.

Statistical Analysis. Significance was determined for all end-
points, except 72 hpf pericardial edema and zfCYP1A protein quan-
titation, using a two-way analysis of variance followed by the Fisher
least significant difference post hoc test. Untransformed data sets
that did not pass Levene’s test for homogeneity of variances were
transformed by log10 transformation (RBC morphology) or inverse
transformation (96 hpf pericardial edema) before analysis by two-
way analysis of variance followed by the Fischer least significant
difference post hoc test. All attempts to transform the 72 hpf peri-
cardial edema data set and Western blot quantitations to pass Lev-
ene’s test failed. Therefore, significance between appropriate treat-
ment groups was determined by individual t tests assuming unequal
variance. Statistica 6.0 software (StatSoft, Inc., Tulsa, OK) was used
to perform all statistical analyses. Results are presented as mean �
S.E.; level of significance was p � 0.05.

Results
MO Knockdown of zfCYP1A Protein Levels in Ze-

brafish Embryos Exposed to TCDD. When newly fertil-
ized zebrafish embryos are exposed to TCDD, zfcyp1a tran-
scription is strongly induced following a time course that
coincides with the developmental window in which embryos
are most sensitive to TCDD toxicity (Prasch et al., 2003).
This is demonstrated in Western blots measuring zfCYP1A
protein levels at 48, 72, and 96 hpf in zebrafish embryos
exposed to TCDD shortly after fertilization (Fig. 1). Increased
zfCYP1A expression precedes the development of toxic re-
sponses to TCDD, including pericardial edema, reduced blood
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flow, reduced lower jaw growth, and a block in erythropoiesis
(Henry et al., 1997; Belair et al., 2001; Teraoka et al., 2002;
Prasch et al., 2003). The early onset of increased zfCYP1A
expression, coupled with the fact that CYP1A is the most well
known target for the AHR/ARNT pathway, raises the possi-
bility that transcriptional activation of zfcyp1a may be the
proximate cause of TCDD developmental toxicity.

We have shown previously that most, if not all, of the
endpoints of TCDD developmental toxicity in zebrafish are

dependent on TCDD activation of the AHR/ARNT pathway
(Prasch et al., 2003). MO knockdown of zfAHR2 expression is
sufficient to protect developing zebrafish from TCDD toxicity
throughout the normal length of MO effectiveness, from ap-
proximately 0 to 72 hpf. If zfCYP1A is the downstream effec-
tor for AHR/ARNT mediated toxicity, then knockdown of
zfcyp1a expression should also block TCDD toxicity. Western
blots of zfCYP1A protein at 48, 72, and 96 hpf in zfcyp1a
morphants treated with TCDD, or vehicle as a control, con-
firmed the effectiveness of the zfcyp1a-MO in blocking the
increased levels of zfCYP1A produced by TCDD (Fig. 1). As
expected (Prasch et al., 2003; Teraoka et al., 2003), MO
knockdown of zfAHR2 also blocked zfCYP1A protein induc-
tion. In embryos injected with a control-MO, the TCDD in-
duction of zfCYP1A protein at 48, 72, and 96 hpf was the
same as that observed in uninjected embryos, demonstrating
the specificity of the MOs.

Both the zfahr2- and zfcyp1a-MOs effectively inhibited
induction of CYP1A protein throughout the 96-h time course
of the experiment. However, at later time points, TCDD
produced a small but significant increase in zfCYP1A protein
levels, even in the zfahr2-MO- and zfcyp1a-MO–treated em-
bryos (Fig. 1). This is very probably caused by progressive
dilution and loss of effectiveness of the MO with time. Re-
gardless, both MOs produced significant reduction in
zfCYP1A levels, and the zfcyp1a-MO was at least as effective
as the zfahr2-MO in reducing zfCYP1A protein levels.

An in vivo assay of zfCYP1A enzyme activity confirmed
that both the zfahr2- and zfcyp1a-MOs effectively block in-
duction of zfCYP1A by TCDD (Fig. 2). In this assay, O-
deethylation of ethoxyresorufin (EROD activity) by zfCYP1A
produces a fluorescent product, resorufin. Therefore, in-
creased fluorescence in the embryo marks an increase in
zfCYP1A enzyme activity. Figure 2 shows representative
embryos at 48, 72, and 96 hpf exposed to vehicle or TCDD as
well as a zfahr2 morphant and a zfcyp1a morphant exposed
to TCDD. At 48 and 72 hpf, TCDD-treated embryos have
clearly elevated EROD fluoresence compared with vehicle-
treated embryos. In marked contrast, the zfahr2 and zfcyp1a
morphants exposed to TCDD exhibited only slightly more
fluorescence than vehicle-exposed embryos. Consistent with
the Western blot results, by 96 hpf, the zfahr2 and zfcyp1a
morphants exposed to TCDD had higher levels of fluores-
cence than control, untreated embryos, but this remained
well below that of the uninjected and control-MO–injected
embryos exposed to TCDD. These results demonstrate MO
knockdown of zfCYP1A enzyme induction by both zfahr2-MO
and zfcyp1a-MO.

Whole mount immunolocalization of zfCYP1A using the
mAb 1-12-3 antibody revealed that the zfahr2-MO and
zfcyp1a-MO both blocked TCDD-induced zfCYP1A through-
out the embryo tissues. Figure 3 shows representative em-
bryos exposed to vehicle or TCDD shortly after fertilization
and collected for whole mount immunolocalization at 72 hpf.
Fig. 3, left, shows zfCYP1A immunostaining in the trunk
region posterior to the anal pore and on the right in the head
region. Very little staining occurred in vehicle-treated em-
bryos: weak levels of zfCYP1A immunofluorescence were ob-
served in some intersegmental vessels, the caudal artery and
vein, and the branchial arches of the jaw, but no staining was
observed in the head. In contrast, embryos exposed to TCDD
showed strong zfCYP1A immunofluorescence in the interseg-

Fig. 1. Effect of zfahr2-MO and zfcyp1a-MO in blocking TCDD-induced
increase in zfCYP1A protein expression from 48 to 96 hpf in zebrafish
embryos. Western blots of protein extracted from each treatment group at
48, 72, and 96 hpf were performed using mAb 1-12-3 to detect zfCYP1A
protein. Protein bands from three replicate blots were quantitated and
graphed as the abundance of zfCYP1A. Values are mean � S.E. of n � 3.
*, significant difference between TCDD (0.4 ng/ml) and its respective
vehicle control for each treatment. †, significant difference between
TCDD and TCDD � morpholino. ‡, significant difference between TCDD
� zfahr2-MO and TCDD � zfcyp1a-MO (p � 0.05). Representative blots
are shown for each of the three time points.
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mental vessels, caudal artery, caudal vein, brain vessels
throughout the head, and the anal and urinary pores. Stain-
ing was also evident in the branchial arches (ba) of the lower
jaw. Zfahr2 morphants exposed to TCDD showed only weak
zfCYP1A immunofluorescence in the intersegmental vessels,
caudal artery, caudal vein, brain vessels, and branchial
arches of the lower jaw. There was no visible staining in the
anal and urinary pores. Zfcyp1a morphants exposed to TCDD
also showed weak zfCYP1A immunostaining in the trunk
vessels (intersegmental vessel, caudal artery, caudal vein)
but not in the anal or urinary pores. Staining in the brain
vessels was very weak, and there was also weak staining in
the branchial arches of the jaw. Overall, the staining in the
zfahr2-MO and zfcyp1a-MO–treated embryos was compara-
ble with the staining in the vehicle-treated embryos.

Morpholino Knockdown of zfCYP1A Protein Levels
Fails to Block Toxic Responses to TCDD. The experi-
ments described above demonstrate the effectiveness of the
zfcyp1a-MO in blocking induction of zfCYP1A by TCDD. As
described above, the knockdown was not complete at later
time points. However the zfahr2-MO has been shown to block
TCDD toxicity in early life stage zebrafish (Prasch et al.,
2003). If CYP1A mediates the toxicity, then the degree of
reduction in zfCYP1A levels produced by the zfahr2-MO
must be sufficient to alleviate toxicity. In this case, the
zfcyp1a-MO should be equally effective as the zfahr2-MO in
preventing these toxic responses. However, we found that
this was not the case.

Edema is a classic sign of TCDD exposure in zebrafish
embryos, it starts to develop around 72 hpf and increases in
severity until mortality occurs around 8 to 10 days after
fertilization (Henry et al., 1997). The zfahr2-MO has previ-
ously been shown to protect against TCDD-induced pericar-
dial edema in zebrafish embryos (Prasch et al., 2003; Teraoka
et al., 2003). We measured pericardial sac area in embryos
from each treatment group to determine the ability of the
zfcyp1a-MO to protect against TCDD-induced pericardial
edema (Fig. 4). TCDD exposure caused a significant accumu-
lation of pericardial edema fluid in uninjected zebrafish em-
bryos by 72 hpf that was increased in severity by 96 hpf.
Injection of embryos with a control-MO did not alter this
response to TCDD. The mean pericaridal edema in 96 hpf
uninjected embryos exposed to TCDD is slightly, but not
significantly, elevated above the mean pericardial edema in

control morphants and zfcyp1a morphants exposed to TCDD.
This slight difference in means is the result of two uninjected
embryos exposed to TCDD that developed fairly severe peri-
cardial edema by 96 hpf, not a nonspecific effect from treat-
ment with morpholino that reduced the severity of pericar-
dial edema induced by TCDD. As in earlier work, injection of
zfahr2-MO effectively protected against the increase in peri-
cardial sac area caused by TCDD. In marked contrast to the
zfahr2-MO, the zfcyp1a-MO did not prevent the increase in
pericardial sac area caused by exposure to TCDD, and peri-
cardial edema in zfcyp1a morphants was no less severe than
that in control morphants exposed to TCDD. Figure 4 shows
representative photographs of edema in the pericardial sac
(ps) in 96 hpf embryos exposed to TCDD or vehicle, the
protection afforded against pericardial edema by the zfahr2-
MO–injected into embryos before TCDD exposure, and the
lack of protection against pericardial edema in control mor-
phants and zfcyp1a morphants treated with TCDD.

Circulation failure in developing zebrafish exposed to
TCDD is first observed by reduced blood flow in the trunk
vasculature between 60 and 72 hpf, followed by reductions in
blood flow in the head vessels, and ultimately by cessation of
flow throughout the embryo by 96 to 144 hpf (Henry et al.,
1997; Prasch et al., 2003; Teraoka et al., 2003). Embryos
injected with zfahr2-MO are protected against TCDD-in-
duced reductions in blood flow through 120 hpf (Prasch et al.,
2003). To determine whether the protection against TCDD-
induced reductions in blood flow afforded by the zfahr2-MO is
caused by decreases in zfCYP1A, RBC perfusion rates in the
trunk intersegmental vessels posterior to the anal pore were
measured at 72 and 96 hpf in control morphants, zfahr2
morphants, zfcyp1a morphants, and uninjected embryos ex-
posed to TCDD or vehicle (Fig. 5). At 72 hpf, TCDD reduced
RBC perfusion in uninjected embryos and control morphants
by more than 50%. As shown in earlier work, zfahr2 mor-
phants treated with TCDD did not have significantly reduced
RBC perfusion. Unlike zfahr2 morphants, zfcyp1a mor-
phants exposed to TCDD showed a reduction in RBC perfu-
sion by more than 50% that was not significantly different
from control morphants treated with TCDD. By 96 hpf, un-
injected embryos and control morphants treated with TCDD
had almost no blood flow in the intersegmental trunk vessels.
The zfahr2-MO completely protected against this reduction
in RBC perfusion in the intersegmental vessels caused by

Fig. 2. Effect of zfahr2-MO and
zfcyp1a-MO on TCDD-induced increase
in zfCYP1A enzyme activity from 48 to
96 hpf in zebrafish embryos. An in vivo
EROD assay was performed on em-
bryos from each treatment group at 48,
72, and 96 hpf to assess the effective-
ness of the zfahr2-MO and zfcyp1a-MO
in blocking TCDD-induced zfCYP1A
enzyme activity. Representative vehi-
cle-exposed, TCDD-exposed (0.4 ng/ml),
TCDD-exposed embryos injected with
zfahr2-MO, and TCDD-exposed em-
bryos injected with zfcyp1a-MO from
four embryos from three different vehi-
cle/TCDD exposures are shown. Scale
bar, 1 mm.
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Fig. 3. Whole mount immunolocalization of zfCYP1A in 72 hpf zebrafish
embryos using mAb 1-12-3. Immunohistochemistry to determine the effec-
tiveness of the zfahr2-MO and zfcyp1a-MO in blocking TCDD-induced
zfCYP1A protein throughout the embryo was performed on embryos from
each treatment group. Representative vehicle-exposed, TCDD-exposed (0.4
ng/ml), TCDD-exposed embryos injected with zfahr2-MO, and TCDD-ex-
posed embryos injected with zfcyp1a-MO from nine embryos from three
different vehicle/TCDD exposures are shown. Images on the left are lateral
views of the trunk just posterior to the yolk extension, and images on the
right are lateral views of the head just anterior to the yolk sac. ap, anal pore;
bv, brain vessels; ba, brachial arches; ca, caudal artery; cv, caudal vein; isv,
intersegmental vessel; up, urinary pore. Scale bar, 100 �m.

Fig. 4. Effect of zfahr2-MO and zfcyp1a-MO on TCDD-induced pericardial
sac area caused by edema in zebrafish embryos. Lateral view images of
embryos from all treatment groups were photographed and the pericardial
edema quantitated at 72 and 96 hpf from measurements of the pericardial
sac (ps) area. Images on the bottom are representative photos of pericardial
edema at 96 hpf in uninjected embryos exposed to vehicle or TCDD, control
morphants exposed to vehicle or TCDD, zfahr2 morphants exposed to
TCDD, and zfcyp1a morphants exposed to TCDD. Values are mean � S.E. of
n � 16. *, significant difference between TCDD (0.4 ng/ml) and its respective
vehicle control for each treatment. †, significant difference between TCDD
and TCDD � morpholino (p � 0.05). Scale bar, 0.1 mm.
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TCDD. In contrast to the zfahr2 morphants, intersegmental
blood flow in zfcyp1a morphants exposed to TCDD had prac-
tically ceased by 96 hpf, and could not be distinguished from
the flow rate in uninjected embryos exposed to TCDD.

TCDD exposure of zebrafish embryos retards growth in the
cartilaginous structures of the jaw resulting in malformation
(Teraoka et al., 2002). One of the most pronounced effects of
this malformation is the failure of Meckel’s cartilage in the
lower jaw to extend beyond the eye by 120 hpf. The
zfahr2-MO protects against TCDD-induced inhibition of
lower jaw growth (Prasch et al., 2003). However, this protec-
tion is transient, lasting only as long as the morpholino
remains at levels that effectively block translation of zfAHR2
and signaling through the AHR/ARNT pathway. We mea-
sured the distance between the tip of Meckel’s cartilage and
the anterior edge of the eye, the “lower jaw-to-eye gap,” in 96
hpf zebrafish to determine whether blocking zfCYP1A induc-
tion would protect against the retarded lower jaw growth
produced by TCDD (Fig. 6). Uninjected embryos and control
morphants exposed to TCDD have a lower jaw-to-eye gap at
least twice as great as that measured in vehicle-treated em-
bryos, indicating a significant reduction in lower jaw growth.
Injection of embryos with zfahr2-MO before TCDD exposure
leads to significant protection against the reduction in lower

jaw growth, as seen in earlier work. Unlike the zfahr2-MO,
injection of embryos with zfcyp1a-MO before TCDD exposure
does not protect against the reduction in lower jaw growth.
The lower jaw-to-eye gap in zfcyp1a morphants exposed to

Fig. 5. Effect of zfahr2-MO and zfcyp1a-MO on TCDD-induced reductions
in RBC perfusion rate caused by decreased blood flow in zebrafish em-
bryos. RBC perfusion rates were determined in an intersegmental vessel
posterior to the anal pore in embryos from each treatment at 72 and 96
hpf. Values are mean � S.E. of n � 16. *, significant difference between
TCDD (0.4 ng/ml) and its respective vehicle control for each treatment. †,
significant difference between TCDD and TCDD � morpholino (p � 0.05).

Fig. 6. Effect of zfahr2-MO and zfcyp1a-MO on TCDD-induced alter-
ations in lower jaw morphology in zebrafish embryos. Lateral view im-
ages of embryos from all treatment groups were photographed at 96 hpf
to determine the lower jaw-to-eye gap. To measure the distance between
the anterior edge of the eye and the posterior end of Meckel’s cartilage
(mc), a vertical solid line was drawn at the anterior edge of the eye, and
a horizontal dashed line was drawn between the solid line and the
anterior tip of Meckel’s cartilage. The length of the dashed line, or the
distance between Meckel’s cartilage and the anterior edge of the eye, is
the lower jaw-to-eye gap. Values are mean � S.E. of n � 16. *, significant
difference between TCDD (0.4 ng/ml) and its respective vehicle control for
each treatment. †, significant difference between TCDD and TCDD �
morpholino (p � 0.05). Images on the bottom are representative photos of
the extension of the lower jaw in uninjected embryos exposed to vehicle or
TCDD, control morphants exposed to vehicle or TCDD, zfahr2 morphants
exposed to TCDD, and zfcyp1a morphants exposed to TCDD. Scale bar,
100 �m.
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TCDD is not significantly different from control morphants
exposed to TCDD.

Figure 6 also shows representative photographs illustrat-
ing the increased lower jaw-to-eye gap in TCDD-treated em-
bryos as a measure of reduced lower jaw growth. Meckel’s
cartilage (mc) extends almost to the anterior edge of the eye
in vehicle-treated embryos at 96 hpf, whereas in TCDD-
treated embryos, the cartilage extends just beyond the mid-
way point of the eye. In zfahr2 morphants exposed to TCDD,
Meckel’s cartilage extends well past the midpoint of the eye
but does not quite reach the anterior edge of the eye. TCDD
reduces lower jaw growth in control morphants and zfcyp1a
morphants so that Meckel’s cartilage extends only just be-
yond the midpoint of the eye as observed in uninjected em-
bryos exposed to TCDD.

TCDD causes anemia in zebrafish embryos by blocking the
switch from primitive to definitive erythropoiesis (Belair et
al., 2001). The first wave of erythropoiesis produces round
primitive RBCs. By 120 hpf, the adult form of erythrocytes,
elliptical RBCs resulting from definitive erythropoiesis, start
appearing in the circulating blood. Over the next 48 h, the
percentage of round RBCs drops and elliptical cells eventu-
ally make up the entire RBC population. In zebrafish em-
bryos, this transition from round to elliptical RBCs is blocked
when embryos are exposed to TCDD before 96 hpf (Belair et
al., 2001). This indicates that the developmental signal for
the switch from primitive to definitive erythropoiesis that is
disrupted by TCDD occurs within the developmental window
in which both the zfahr2-MO and zfcyp1a-MO effectively
block the TCDD induction of zfCYP1A. Prasch et al. (2003)
showed that the zfahr2-MO effectively protects against this
TCDD-induced block of definitive erythropoiesis, indicating
this endpoint of TCDD toxicity is mediated by zfAHR2. To
determine whether this protection by the zfahr2-MO is
caused by its ability to block TCDD-induced zfCYP1A expres-
sion, we examined the morphology of the RBCs in zfcyp1a
morphants treated with TCDD (Fig. 7). At 144 hpf, adult
elliptical erythrocytes made up approximately 90% of RBCs

in vehicle-treated zebrafish, whereas only 30% of RBCs were
elliptical in TCDD-treated embryos. In zfahr2 morphants,
the effect of TCDD was blocked and approximately 80 to 90%
of the erythrocytes were elliptical, as in vehicle-treated em-
bryos. In contrast, zfcyp1a morphants had an erythrocyte
profile similar to that of uninjected or control morphants;
adult elliptical cells comprised only 30% of the RBCs in
TCDD-exposed embryos.

Discussion
Morphants, zfCYP1A Protein Expression, and TCDD

Developmental Toxicity. In this study, we blocked trans-
lation of zfCYP1A in TCDD-treated zebrafish embryos to
determine whether zfCYP1A mediates developmental toxic-
ity. We initiated these experiments knowing that the MO
knockdown approach is capable of blocking toxic responses to
TCDD in developing zebrafish. Three previous studies
showed that MO knockdown of zfAHR2 during embryonic
development prevents signs of TCDD toxicity (Dong et al.,
2004; Prasch et al., 2003; Teraoka et al., 2003). Our results
confirm the previous experiments showing that zfAHR2 me-
diates TCDD induction of both zfcyp1a expression and devel-
opmental toxicity. However, our experiments clearly dissoci-
ate zfcyp1a induction by TCDD from these toxic responses.

The zfahr2-MO completely prevented TCDD-induced peri-
cardial edema, reduced blood flow, and defects in erythropoi-
esis. The zfahr2-MO also significantly, but not completely,
protected embryos against TCDD-induced lower jaw malfor-
mations, and produced substantial reductions in zfcyp1a in-
duction by TCDD. In contrast, although the zfcyp1a-MO was
at least as effective in preventing TCDD-induced zfcyp1a
expression, the zfcyp1a-MO had no observable impact on
TCDD-induced toxic responses. Therefore, the zfahr2-MO
cannot have prevented toxicity by blocking zfcyp1a induction,
and CYP1A cannot be the downstream effector mediating the
toxic responses of AHR/ARNT pathway activation examined
in this study.

This result came as some surprise because an earlier study
by Teraoka et al. (2003) indicated that the zfcyp1a-MO could
protect against TCDD-induced pericardial edema and re-
duced intersegmental blood flow. Because our results are at
odds with the previously published work, we have been ex-
tremely careful to demonstrate the reproducibility of our
results, and to use several different approaches to prove that
the zfcyp1a-MO does indeed knock down zfcyp1a expression
induced by TCDD. We found two very consistent results.
First, the zfcyp1a-MO was always at least as effective as the
zfahr2-MO in reducing zfcyp1a induction by TCDD. Second,
in contrast to the zfahr2-MO, the zfcyp1a-MO consistently
had no effect on the signs of TCDD-induced toxicity that we
measured. We used the same zfcyp1a-MO sequence as in the
previous report, and at present cannot explain the discrep-
ancy in the results. We do note, however, that the assays
published by Teraoka et al. (2003) examined toxicity only in
72 hpf embryos. In our hands, 72 hpf is near the earliest
onset for these endpoints, especially with lower doses of
TCDD. At this time, the signs of TCDD toxicity are subtle,
and it is possible to mistake small responses for a lack of
response. In our experiments we examined embryos at 72 hpf
and also at 96 hpf, a point at which the MOs are still effective
and the responses to TCDD are quite robust. Despite the

Fig. 7. Effect of zfahr2-MO and zfcyp1a-MO on TCDD-induced block of
definitive erythropoiesis in zebrafish embryos. RBCs collected from em-
bryos from each treatment group at 144 hpf were classified as either
primitive round erythrocytes or definitive elliptical erythrocytes. Alter-
ations in the percentage of elliptical RBCs are shown. Values are mean �
S.E. of n � 8. *, significant difference between TCDD (0.4 ng/ml) and its
respective vehicle control for each treatment. †, significant difference
between TCDD and TCDD � morpholino (p � 0.05).
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extension of our study to a later time point and investigation
of additional endpoints of toxicity induced by TCDD activa-
tion of zfAHR2, we found no evidence that zfCYP1A induc-
tion mediates developmental toxicity in zebrafish.

Our zfcyp1a-MO was specifically directed against zfcyp1a.
Therefore we cannot rule out the possibility that TCDD in-
duces other zebrafish P450 enzymes to produce toxicity. Un-
like mammals, fish species do not seem to have orthologues of
cyp1a1 and cyp1a2, but rather have a single cyp1a gene that
presumably corresponds to the ancestral gene that diverged
into cyp1a1 and cyp1a2 in mammals (Morrison et al., 1998).
However, other isoforms of cyp1a may have arisen from fur-
ther genome duplications during teleost evolution. Our
BLAST searches of the zebrafish genome have not revealed
other cyp1a isoforms. If such an isoform exists and can be
induced by TCDD, it does not have the properties normally
associated with CYP1A. That is, it does not O-deethylate
ethoxyresorufin, nor does it immunoreact with mAb 1-12-3,
an antibody that reacts with CYP1A proteins in many species
(Borlakoglu et al., 1991; Drahushuk et al., 1998; Huang et al.,
2001; Hyyti et al., 2001). Because TCDD-induced EROD ac-
tivity and immunoreactivity with mAb 1-12-3 was reduced by
zfcyp1a-MO injection to levels near those observed in vehicle-
treated embryos it seems unlikely that TCDD causes toxicity
through the induction of another isoform of cyp1a.

Our results are consistent with findings in mammalian
systems suggesting that although CYP1A mediates some
responses to TCDD, it is not the conduit through which all
TCDD responses are initiated. Female cyp1a1-null mice ex-
posed to TCDD have some protection against thymus and
splenic atrophy (Uno et al., 2002). Disruption of cyp1a2 in
mice protected against TCDD-induced uroporphyria and
some hepatocellular damage (Smith et al., 2001), but other
signs of toxicity were not prevented. Any protection afforded
cyp1a1- or cyp1a2-null mice exposed to TCDD during embry-
onic development has not been reported. In rat lines selec-
tively bred for varying sensitivity to TCDD toxicity, induction
of cyp1a has been dissociated from many of the overt toxic
responses to TCDD. These rat lines have differences in sen-
sitivity to TCDD toxicity of several orders of magnitude yet
have TCDD ED50 values for EROD induction that are not
significantly different (Tuomisto et al., 1999; Simanainen et
al., 2003), suggesting that there is no correlation between
CYP1A activity and certain endpoints of TCDD toxicity. In
addition, a study by Hakansson et al. (1994) found no corre-
lation between hepatic EROD activity induced by TCDD and
various endpoints of toxicity in several rodent species, includ-
ing Hartley guinea pigs and Golden Syrain hamsters. Al-
though it is likely that TCDD–up-regulated CYP1A-metabo-
lizing enzymes contribute in some way to the progression of
toxicity in mammals, the degree of protection will probably
be species-, tissue-, gender-, and life stage-specific. Unlike
mammals, TCDD up-regulation of CYP1A in fish embryos is
spatially associated, and in some cases well correlated, with
endpoints of developmental toxicity (Guiney et al., 1997;
Cantrell et al., 1998; Toomey et al., 2001; Andreasen et al.,
2002b; Dong et al., 2002; Prasch et al., 2003). In addition,
Schlezinger et al. (2000) reported that another halogenated
aromatic hydrocarbon AHR agonist, 3,3�,4,4�-tetrachlorobi-
phenyl, stimulates reactive oxygen species production both
in fish and mammalian liver microsomes, suggesting that
3,3�,4,4�-tetrachlorobiphenyl uncouples electron transfer

events within the CYP1A complex. It has been postulated
that generation of reactive oxygen species by CYP1A un-
coupling may cause oxidative stress and contribute to the
developmental toxicity in fish embryos caused by TCDD
and other halogenated aromatic hydrocarbons.

Despite the evidence suggesting a role for CYP1A in me-
diating TCDD developmental toxicity in fish investigated
through the use of cytochrome P450 inhibitors and com-
pounds that protect against oxidative stress (Cantrell et al.,
1996; Dong et al., 2002), TCDD induction of zfcyp1a does not
mediate developmental toxicity in zebrafish embryos in the
present study. Although our experiments show that induc-
tion of zfcyp1a by TCDD does not play a role in mediating
endpoints of developmental toxicity in zebrafish, induction of
zfcyp1a in zebrafish may be important in mediating TCDD
toxicity during later life stages of zebrafish or in mediating
toxicity of other AHR agonists. The results of this study also
do not rule out the possibility that oxidative stress has a role
in mediating TCDD developmental toxicity in zebrafish, but
one of the most significant aspects of our work is that it
directs our attention away from events downstream of
zfcyp1a induction and focuses our efforts on examining other
mechanisms of TCDD toxicity.

CYP1A-Independent Mechanisms of TCDD Toxicity.
Since the initial identification of the AHR gene battery
(Nebert et al., 1990; Rowlands and Gustafsson, 1997), re-
search with various cell systems and model organisms has
revealed that TCDD alters expression of numerous genes
with a wide range of cellular functions (Fisher et al., 1990;
Puga et al., 2000; Frueh et al., 2001). The large number of
genes activated by TCDD, and the growing list of genes
known to have upstream dioxin response elements, support a
model in which TCDD toxicity results from persistent mis-
regulation of genes controlled by the AHR/ARNT complex.

It also should be noted that the possible mechanisms ex-
tend beyond altered transcription of genes directly regulated
by AHR/ARNT. A recent review by Carlson and Perdew
(2002) outlines cross-talk between components of the AHR/
ARNT transcriptional complex and regulation of genes by
steroid hormone receptor complexes, hypoxia inducible fac-
tor-1�, nuclear factor �B, as well as retinoblastoma and other
cell cycle proteins. These interactions affect both transcrip-
tional and post-transcriptional responses. Our results do not
distinguish between the different mechanisms described
above; instead, they indicate that these are mechanisms that
should be investigated. The emergence of zebrafish oligonu-
cleotide microarrays, proteomics, and the development of MO
and transgenic techniques should allow rapid progress to-
ward understanding the molecular mechanisms that lead to
TCDD embryotoxicity in zebrafish.
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