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Abstract
This study was designed to develop a zebrafish experimental model to examine defects in retinoic
acid signaling caused by embryonic ethanol. Retinoic acid deficiency may be a causative factor
leading to a spectrum of birth defects classified as fetal alcohol spectrum disorder (FASD).
Experimental support for this hypothesis using Xenopus showed that effects of treatment with
ethanol could be partially rescued by adding retinoids during ethanol treatment. Previous studies
show that treating zebrafish embryos during gastrulation and somitogenesis stages with a
pathophysiological concentration of ethanol (100 mM) produces effects that are characteristic
features of FASD. We found that treating zebrafish embryos with retinoic acid at a low
concentration (10−9 M) and 100 mM ethanol during gastrulation and somitogenesis stages
significantly rescued a spectrum of defects produced by treating embryos with 100 mM ethanol
alone. The rescue phenotype that we observed was quantitatively more similar to embryos treated
with 10−9 M retinoic acid alone (retinoic acid toxicity) than to untreated or 100 mM ethanol
treated embryos. Retinoic acid rescues defects caused by 100 mM ethanol treatment during
gastrulation and somitogenesis stages that include early gastrulation cell movements (anterior-
posterior axis), craniofacial cartilage formation and ear development. Morphological evidence also
suggests that other characteristic features of FASD (e. g., neural axis patterning) are rescued by
retinoic acid supplement.
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Introduction
In humans, fetal ethanol exposure produces a spectrum of defects including facial
abnormalities, mental retardation, stature reduction and other birth defects, collectively
called fetal alcohol syndrome (FAS; Warren and Foudin, 2001). The diagnostic criteria for
FAS include a characteristic pattern of facial abnormalities, growth retardation and
neurodevelopmental abnormalities of the central nervous system (Warren and Foudin,
2001).

Fetal alcohol spectrum disorder (FASD) is a broad range of structural and functional
developmental defects that can be simulated by ethanol exposure in animal models (Sulik,
2005). Indeed, Sulik and colleagues first showed that the best recapitulation of fetal alcohol
syndrome morphology occurred if short-term exposure occurred during gastrulation stages
(Sulik et al., 1981). Animal model research is employed to gain new mechanistic insight into
the fundamental consequences of embryonic ethanol exposure. Mammalian models are
extremely useful for FASD research, but embryonic fish and amphibian models permit more
tightly controlled exposure regimens (ethanol and drug treatments) and direct observation of
the highly conserved vertebrate early developmental stages (gastrulation and somitogenesis)
due to external development. Our goal in this study was to adapt the zebrafish experimental
model for experiments to determine whether retinoic acid supplement can compensate for
embryonic exposure regimens of pathophysiological ethanol concentrations (e. g., 100 mM
or 460 mg%).

Zebrafish embryos are very transparent, which allows direct microscopic observation and
measurement of numerous embryonic developmental events (Kimmel et al., 1995).
Zebrafish is an exemplary genetic model for early developmental genetics (Schier and
Talbot, 2005). Early gastrulation cell movements in zebrafish include epiboly, the process of
cell spreading over the yolk cell; involution, the inward movement of cells under outer
surface (epiblast) to produce the hypoblast, which becomes mesodermal and endodermal
cell layers; and convergent extension, polarized and directional cell movements converging
on the embryonic midline and extending in the anterior-posterior axis (Kimmel et al., 1995).

Various investigators articulated the potential relationship between FAS and retinoic acid
signaling (Duester, 1991; Pullarkat, 1991; Leo and Lieber, 1999; McCaffery et al., 2004;
Sulik et al., 1981), suggesting that ethanol exposure during embryogenesis alters retinoic
acid biosynthesis and signaling. The current consensus or `working model' is that ethanol
decreases retinoic acid levels by ethanol or acetaldehyde competition for the alcohol or
aldehyde dehydrogenase, but others (McCaffery et al., 2004) show that ethanol treatment
actually increases retinoic acid levels in areas of the brain. Experimental support for this
working model is growing using mouse and Xenopus models (Johnson et al., 2007; Yelin et
al., 2005). Numerous investigators have studied effects of retinoic acid deficiency, which
produces a spectrum of birth defects that include neural axis patterning, craniofacial
development, heart development, limb induction, eye development and ear development
(Collins and Mao, 1999). This spectrum of defects resembles the consequences of ethanol
exposure during embryonic development, collectively defined as FASD (Begemann et al.,
2001; Collins and Mao, 1999; Duester, 1991; Grandel et al., 2002).

Several observations form the basis of this retinoic acid hypothesis: (i) the similarity
between FASD and effects of inhibiting retinoic acid biosynthesis (experimentally or
genetically) in vertebrate embryos (Begemann et al., 2001; Collins and Mao, 1999; Duester,
1991; Grandel et al., 2002); (ii) exogenous retinoid exposure during embryogenesis, either
environmental exposure or exposure to drugs like Accutane, produces a syndrome that
resembles FASD, albeit less severe (Collins and Mao, 1999); (iii) enzymes that metabolize
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ethanol also catalyze retinol conversion to retinoic acid during development (Mark et al.,
2006); and, (iv) recent studies using Xenopus and mouse models provide experimental
support for this hypothesis (Johnson et al., 2007; Yelin et al., 2005) (see below).

Inductive signals during gastrulation include a role of retinoic acid during gastrulation and
neural axis patterning (Lumsden and Krumlauf, 1996; Schier and Talbot, 2005). Retinoic
acid signaling controls gastrulation morphogenetic movements and signaling of the
prechordal plate (this embryonic tissue has head organizer activity) that induces forebrain
identity, and retinoic acid controls hindbrain rhombomere patterning (Lumsden and
Krumlauf, 1996; Begemann and Meyer, 2001; Dupe and Lumsden, 2001). An extension of
the working model that embryonic ethanol exposure reduces retinoic acid signaling predicts
that ethanol would interfere with early gastrulation retinoic acid mediated activities that
control embryonic axis, including neuraxis developmental processes.

Two recent studies support the overall hypothesis that ethanol exposure in early embryos
inhibits retinoic acid signaling, and reduced retinoic acid signaling is responsible for
significant ethanol-induced developmental consequences. The Fainsod laboratory used the
Xenopus model to study FASD, showing that high ethanol concentrations (ranging from 1.5
to 2.5% or 326 to 543 mM; concentrations that are fatal in humans) produce defects
consistent with FASD, including small eyes, microcephaly, reduced body length and other
effects, and acute effects of ethanol were partially rescued by retinoid (retinol or retinal)
treatments, restoring eye size, brain size, brain regionalization marker expression and
retinoic acid reporter gene expression (Yelin et al., 2005). Sulik and colleagues (Johnson et
al., 2007) analyzed ethanol effects on mouse limb development, finding that early limb
genes were suppressed by ethanol treatment, and reduced limb gene expression produced by
ethanol treatment could be phenocopied (mimicked) using a drug that specifically blocks
RXR transcription factors (retinoic acid receptors).

We hypothesized that ethanol-induced defects in anterior-posterior axis and neural axis
formation result from reduced retinoic acid signaling during gastrulation and somitogenesis
stages. We tested a high, but pathophysiological concentration of ethanol (100 mM, or 0.46
gram%) for effects on early zebrafish development, and co-treatment of 100 mM ethanol
with retinoic acid (10−9 M; a low concentration that only produces mild defects; Collins and
Mao, 1999) produces a striking rescue phenotype. The effectiveness of retinoic acid co-
treatment with ethanol to reverse developmental defects was evaluated to validate a
treatment regimen for future molecular studies.

Materials and Methods
Zebrafish husbandry

Zebrafish (Danio rerio; TL strain) were raised and housed under standard laboratory
conditions (Westerfield, 2000) in accordance with Indiana University Policy on Animal
Care and Use. For some experiments, 0.2 mM phenylthiourea was added to embryo medium
to prevent melanization. Ages of the embryos are given as hours postfertilization (hpf) or
days postfertilization (dpf).

Ethanol and Retinoic Acid Treatment
Embryos were maintained in embryo medium (Westerfield, 2000) until 3 hpf. At this time,
embryos were transferred to one of four conditions: embryo medium (control); embryo
medium containing 100 mM ethanol; embryo medium containing 100 mM ethanol and 10−9

M retinoic acid; and, embryo medium containing 10−9 M retinoic acid. Maier and
colleagues (Bradfield et al. 2006) showed ethanol equilibrates within embryos after one hour
of treatment. For epiboly measurements, embryos were fixed in 4% paraformaldehyde in

Marrs et al. Page 3

Alcohol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PBS at 8 hpf. For other studies, treatments were extended until 24 hpf. At this time, embryos
were transferred to embryo medium (without ethanol or retinoic acid). At various times,
embryos or larvae were euthanized with Tricaine then fixed in 4% paraformaldehyde in
PBS.

Alcian Blue Staining
Cartilage was stained with alcian blue using a modified previously published method
(Loucks and Carvan, 2004). Larvae (5 dpf) were euthanized with Tricaine then fixed in 5%
trichloroacetic acid for 10 min at room temperature followed by rinsing in 0.37% HCl in
70% ethanol (acid-alcohol) then incubated in 1% alcian blue in acid-alcohol overnight at
room temperature. After staining, larvae were rinsed in acid-alcohol, then cleared with
0.25% KOH in 50% glycerol, followed by 1% H2O2 in H2O overnight at room temperature.
Larvae were then rinsed with PBS, and mounted for DIC microscopy.

Microscopy and Image Analysis
All still images were digitally acquired with a color SPOT camera (Diagnostic Instruments
Inc, Sterling Heights, MI). This camera was mounted on either a Leica MZ12 dissecting
stereomicroscope (Leica Microsystems, Inc., Deerfield IL) or a Nikon Diaphot equipped
with differential interference contrast (DIC) optics (Nikon, Inc., Melville, NY).
Measurements were made using ImageJ software (Abramoff et al., 2004) calibrated using a
stage micrometer. Video sequences in Supplemental Data Movie S1 were digitally acquired
with the Leica DFC290 camera, driven by the Leica Application Suite software on the Leica
MZ12 dissecting stereomicroscope. Video files were combined in a composite using Adobe
Premier software (Adobe Systems Inc., San Jose CA) and compressed for publication (<10
Mb).

Statistical Methods
The effects of ethanol and retinoic acid were analyzed using two-way ANOVA. Bonferroni
adjustment for multiple (six) comparisons was used to ensure an overall ninety five percent
confidence. Thus, P-value≤0.008 was used to conclude that groups were statistically
different.

Results
We exposed embryos to ethanol during gastrulation and somitogenesis stages. Various
ethanol and retinoic acid concentrations were tested (data not shown) for their ability to
consistently induce FASD-like phenotype (ethanol); to potentially reverse ethanol-induced
developmental defects (ethanol plus retinoic acid); and have minimal retinoic acid-induced
defects (retinoic acid alone). Optimal concentrations were selected: 100 mM ethanol and
10−9 M retinoic acid.

Pathophysiological ethanol concentrations produce FASD-like developmental defects in
zebrafish, which are rescued by retinoic acid

After embryos (TL strain, from Tubingen stock center) were treated from 3 to 24 hours
postfertilization (hpf; during gastrulation and somitogenesis) with 100 mM ethanol, ethanol
medium was rinsed and replaced with normal embryo medium without ethanol, and embryos
were incubated in normal growth medium for 3 days. At 4 days postfertilization (dpf), larvae
were anesthetized and photographed using a stereomicroscope (Figure 1). Ethanol treatment
produced an array of defects, and developmental defects in individual larvae that varied in
their degrees of severity. Less and more severe representative examples of 100 mM ethanol
treated 4 dpf larvae are shown in the second and third row of Figure 1, respectively (left
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column, dorsal views; right column, lateral views of the same embryos shown in the
corresponding row). In both ethanol treated embryos, significant developmental defects
were observed, including reduced anterior-posterior axis, small fins, craniofacial defects,
pericardial edema (indicating fluid homeostasis defects, like cardiovascular defects), and
neural defects (including small eyes and small ears). In this and other experiments, nearly all
embryos exposed to ethanol had recognizable developmental defects and uncoordinated
movement (see Supplemental Data, Movie S1). A minority of these embryos showed severe
defects like the severely affected embryo in Figure 1 and the two embryos in Movie S1.
Retinoic acid treated embryos (with or without ethanol exposure) were more coordinated
swimmers, similar to control embryos (see Supplemental Data, Movie S1).

Embryos treated with 100 mM ethanol show reduced or absent a swim bladder (Figure 1:
asterisk symbols). Ethanol may block normal swim bladder development. Alternatively, a
reduced or absent swim bladder may result from uncoordinated swimming behaviors due to
neural and inner ear defects, and/or craniofacial (jaw) defects that make the embryo unable
to swallow air effectively. We did not distinguish between these possibilities, but we
observed that treated larvae swam less frequently and with less coordination (see
Supplemental Data, Movie S1). Note that these are 4 dpf larvae and the ethanol exposure
ended at 24 hpf. The swimming defect is not due to ongoing presence of ethanol.

To test the hypothesis that a zebrafish model for ethanol-induced developmental defects are
due to reduced retinoic acid levels, we treated zebrafish embryos with low concentrations
(10−9 M) retinoic acid during the ethanol treatment to determine whether this partially
reverses or rescues detrimental effects of ethanol treatment. We found that ethanol-induced
defects were partially rescued (Figure 1, fourth row). When embryos are treated with both
100 mM ethanol and 10−9 M retinoic acid, 5 dpf larvae swam actively (like the control
larvae; see Supplemental Data, Movie S1) and were able to fill their swim bladders. We also
examined effects of treating embryos with 10−9 M retinoic acid alone, and known effects of
retinoic acid exposure (exogenous retinoid exposure during embryogenesis produces a
defects similar to retinoid deficiency, albeit less severe; Collins and Mao, 1999) were
detected in larvae treated with retinoic acid alone (Figure 1, fifth row). In fact, co-treatment
with ethanol and retinoic acid produce larvae that more closely resembled larvae treated
with retinoic acid alone, rather than control or ethanol treated embryos (Figure 1, compare
fourth and fifth rows).

Craniofacial cartilage defects induced by ethanol were rescued by retinoic acid
A dramatic effect on craniofacial cartilage formation was observed in embryos treated with a
pathophysiological ethanol concentration (Figure 2A, compare ethanol treated embryos to
control embryo), as shown previously (Loucks and Carvan, 2004). Treating embryos with
100 mM ethanol and 10−9 M retinoic acid restored nearly normal craniofacial cartilage
formation (Figure 2A, Ethanol + RA). Gross effects of treating embryos with 10−9 M
retinoic acid alone on craniofacial cartilage development were minimal (Figure 2A, RA).

Caravan and colleagues showed that the width of the ethmoid plate (Figure 2A, see asterisk
symbols), a dorsal cartilage structure was significantly affected in ethanol treated 3 and 10
dpf larvae (Carvan et al., 2004). We examined the ethmoid plate cartilage width in control
and treated 4.5 dpf larvae (Figure 2B and Table I). Ethanol treatment significantly reduced
the average ethmoid plate cartilage width from 148.4 (±6.2) μm in the control group to 134.1
(±10.4) μm. The average ethmoid plate cartilage width in larvae treated with both ethanol
and retinoic acid, 154.8 (±6.5) μm, or retinoic acid alone, 158.1 (±5.5) μm, were greater
than, but not statistically different from the control group. Treating embryos with both 100
mM ethanol and 10−9 M retinoic acid increased the average ethmoid plate cartilage width as
compared to ethanol treated embryos, which was statistically different. The average ethmoid
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plate cartilage width in larvae treated with retinoic acid alone was also statistically different
from ethanol treatment. The average ethmoid plate cartilage width in retinoic acid alone was
not statistically different from that of the group treated with the combination ethanol and
retinoic acid. It is important to note that retinoic acid treatment increased the average
ethmoid plate cartilage width (Figure 2B and Table I), showing that ethanol and retinoic
treatment can have opposite effects on the same structure. Furthermore, ethanol-by-retinoic
acid interaction was tested using by twoway ANOVA, showing that the interaction was
significant for all measurements (see Tables I-IV legends).

Ethanol induces epiboly, gastrulation and neural axis defects
Retinoic acid signaling and ethanol treatment affects early morphogenetic cell movements in
the early gastrulation stage vertebrate embryo (Lumsden and Krumlauf, 1996; Blader and
Strahle, 1998; Yelin et al., 2007). Embryos were treated from 3 hpf (midblastula transition)
until 8 hpf (near the end of gastrulation stages but prior to somitogenesis) (Kimmel et al.,
1995) with: 100 mM ethanol; 10−9 M retinoic acid; and 100 mM ethanol plus 10−9 M
retinoic acid; and these embryos were compared to untreated control embryos (Figure 3A
and Table II). Percent epiboly (the amount of the yolk cell covered by the growing embryo)
is an indirect, but reliable measure of early gastrulation progression (Kimmel et al., 1995).
On the average, ethanol treatment reduced the percentage of the yolk cell covered by the
embryo to 74.0% (±5.7) from 85.4% (±4.2) in the control group. Treating embryos with both
100 mM ethanol and 10−9 M retinoic acid increased the percent epiboly to 78.1% (±7.5), but
this was not statistically different as compared to ethanol treated embryos (using Bonferroni
adjustment for multiple comparisons: significance threshold P-value≤0.008; P=0.0163,
Figure 3A and Table II). Retinoic acid alone reduced the percent epiboly to 79.2% (±7.5),
which was statistically different from control and ethanol treatments, but retinoic acid alone
was not statistically different from embryos treated with both ethanol and retinoic acid.

We next determined whether defects induced by 100 mM ethanol on early epiboly and
gastrulation progression leads to reduced anterior-posterior axis of embryos at the end of
somitogenesis. Embryos were treated from 3 hpf until 24 hpf with 100 mM ethanol, 10−9 M
retinoic acid, or 100 mM ethanol and 10−9 M retinoic acid together, and body length of
these embryos were compared to untreated control embryos (Figure 3B and Table III).
Average embryo body length for ethanol treatment was reduced to 3.10 mm (±0.25) from
3.39 mm (±0.12) in the control group, which was significantly different. Treating embryos
with both 100 mM ethanol and 10−9 M retinoic acid increased the average embryo body
length to 3.23 mm (±0.12) as compared with ethanol treated embryos (3.10 mm ±0.25), and
this was statistically different from ethanol treated embryos (Figure 3B and Table III).
Treating embryos with retinoic acid alone reduced body length to 3.26 mm (±0.12) as
compared with control embryos. Retinoic acid treated embryos average body length was not
statistically different from embryos treated with both ethanol and retinoic acid.

Ethanol effects on the early embryo development resemble prechordal plate signaling
defects, namely, gastrulation defects, producing dorsalized embryos (reduced forebrain,
ventral neural structures, like eyes) (Blader and Strahle, 1998; Yelin et al., 2007). We also
noted that neural axis defects were most severe caudally (forebrain), and hindbrain defects
were also apparent (Figure 4). Treating embryos with ethanol and retinoic acid partially
rescued brain development defects (Figure 4; for example, forebrain: see asterisk symbols:
eye, hindbrain and otic vesicle development was restored). To quantify an ethanol-induced
neural defect, ear circumference (a direct measure of ear development) was measured. Ear
circumference was reduced by 100 mM ethanol as compared with untreated controls, and
ear development was restored when treated with 100 mM ethanol plus 10−9 M retinoic acid
(Figure 3C and Table IV). Retinoic acid treatment alone at this early developmental stage
had very little or no effect on ear circumference (Figure 3C and Table IV).
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Discussion
The zebrafish has emerged as a powerful developmental genetics model organism,
particularly for studies of early developmental processes. Comparing ethanol and retinoic
treatment with embryos treated with both chemicals during gastrulation and somitogenesis
showed a rescue phenotype. This experimental model was evaluated to determine the extent
of the rescue phenotype. We contend that our findings are a necessary foundation that
validate our experimental approach and will lead to a more detailed understanding of the
ethanol effects on early vertebrate development.

Sulik and colleagues showed that an animal (mouse) model could recapitulate
developmental defects seen in human patients (Sulik et al., 1981). They showed that short-
term ethanol treatment during gastrulation affects craniofacial development and neural axis
patterning. Detailed studies of ethanol-induced defects during mouse gastrulation are
difficult because early development in mammalian systems occurs in utero. Non-
mammalian vertebrate developmental model systems, like Xenopus and zebrafish, are better
adapted to examine mechanistic information about early embryogenesis (Duncan and Su,
2004; Schier and Talbot, 2005). However, high ethanol concentrations (1–3% or 220–650
mM) were generally used in these experiments, which make it difficult to know whether
pathophysiological effects are being modeled using these experimental models. The Carvan
laboratory showed that pathophysiological ethanol concentrations (10–100 mM or 46–460
mg%) produce the FASD phenotype in zebrafish (Carvan et al., 2004; Loucks and Carvan,
2004).

Our current findings support previous findings (Blader and Strahle, 1998; Johnson et al.,
2007; Yelin et al., 2007; Yelin et al., 2005): (i) that retinoic acid signaling was inhibited by
ethanol exposure during gastrulation; (ii) that ethanol exposure to the early embryo inhibited
extension of the anterior-posterior axis; and (iii) that ethanol treatment affected early
gastrulation cell migration and resembles effects seen when prechordal plate signaling is
reduced.

Ethanol-induced developmental defects could be quantitatively, but partially rescued by
including retinoic acid during the ethanol treatment. It is significant that embryos rescued by
the combined treatment of ethanol and retinoic acid quantitatively and morphologically
resembled embryos treated with retinoic acid alone, suggesting that ethanol-induced defects
are rescued to the level of retinoic acid toxicity. Additional experiments will be required to
determine specific molecular events during early gastrulation and somitogenesis that are
affected by ethanol treatment.

It is possible that retinoic acid is only masking effects from another, parallel pathway.
However, average ethmoid plate cartilage width was larger than control embryos in embryos
treated with retinoic acid alone and in embryos co-treated with ethanol and retinoic acid, but
ethanol treated embryos had reduced ethmoid plate cartilage width as compared to control
embryos, showing opposite effects. Additionally, raldh2 mutant and DEAB (retinaldehyde
dehydrogenase specific retinoic acid biosynthesis inhibitor) treatment phenotypes can be
rescued by retinoic acid treatment (Begemann et al., 2001; Perz-Edwards et al., 2001;
Grandel et al., 2002), which is similar to the retinoic acid rescue of ethanol defects that we
observed. Retinoid rescue of ethanol defects, first experimental support reported by Fainsod
and colleagues using Xenopus (Yelin et al., 2005), and the similarity between effects of
ethanol treatment and mutations affecting retinoic signaling (Duester, 1991; Leo and Lieber,
1999; Wang, 2005; Zachman and Grummer, 1998) can be most parsimoniously explained
within a retinoic acid signaling model of embryonic ethanol exposure. We propose that the
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zebrafish model described here will be useful to study a variety of molecular hypotheses for
embryonic ethanol toxicity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ethanol treatment of zebrafish embryos during gastrulation and somitogenesis stages
produces a FASD phenotype that was largely rescued by including retinoic acid during
ethanol treatment. Dorsal (left column) and lateral (right column; dorsal is up) views of 4
dpf living larvae were imaged using a steromicroscope; anterior is left on each image.
Control embryos were untreated (first, top row); treated with 100 mM ethanol (second and
third row from top; note FASD phenotype is variable); treated with 100 mM ethanol and
10−9 M retinoic acid (fourth row from top); and treated with 10−9 M retinoic acid alone
(fifth, bottom row) from 3 hpf until 24 hpf (see Materials and Methods). At 24 hpf, ethanol
and/or retinoic acid treatments were discontinued, and embryos were incubated with normal
embryo medium until 4 dpf. Asterisks and arrows indicate the swim bladder. Abbreviations:
ed, edematous pericardium; ey, eye; fin, pectoral fin; and ov, otic vesicle.
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Figure 2.
Ethanol treatment of zebrafish embryos during gastrulation and somitogenesis stages
produces craniofacial defects that were improved by including retinoic acid during ethanol
treatment. (A.) Dorsal views (anterior is left) of 5 dpf alcian blue stained larvae were imaged
using a steromicroscope. Embryos were untreated in control embryos (top panel), and
treated with 100 mM ethanol (second and third panels from top), 100 mM ethanol and 10−9

M retinoic acid (third panel from top), and 10−9 M retinoic acid alone (bottom panel) from 3
hpf until 24 hpf (see Materials and Methods). At 24 hpf, ethanol and/or retinoic acid
treatments were discontinued, and embryos were incubated with normal embryo medium
until 5 dpf. These 5 dpf larvae were processed for alcian blue staining to label craniofacial
cartilages. White asterisks mark the ethmoid cartilage measured (in other embryos) for Table
I. The ethmoid cartilage cannot be seen in the more severely affected ethanol treated embryo
(second panel from top), and consequently, when we could not detect the cartilage, we did
not include these embryos in our measurements. Note that the ethmoid cartilage extends
beyond the hyoid arch (the most anterior structure in the ventral jaw cartilages). (B.) Scatter
plot representation of ethmoid cartilage width variation in embryos treated from 3 hpf until
24 hpf (during gastrulation and somitogenesis) with 100 mM ethanol, 10−9 M retinoic acid,
or 100 mM ethanol and 10−9 M retinoic acid together, and compared to untreated control
embryos. Ethmoid plate cartilage width was measured in alcian blue stained 4.5 dpf larvae
(see Table I for statistical analysis).
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Figure 3.
Scatter plot representation of ethmoid cartilage width variation in embryos treated from 3
hpf until 24 hpf (during gastrulation and somitogenesis) with 100 mM ethanol, 10−9 M
retinoic acid, or 100 mM ethanol and 10−9 M retinoic acid together, and compared to
untreated control embryos. Ethmoid plate cartilage width was measured in alcian blue
stained 4.5 dpf larvae (see Table I for statistical analysis).
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Figure 4.
Ethanol treatment of zebrafish embryos during gastrulation and somitogenesis stages
reduces neural axis patterning (particularly forebrain) and reduces hatching gland formation
(a prechordal plate derivative), which was improved by including retinoic acid during
ethanol treatment. Lateral views (anterior is left) of 30 hpf living embryos were imaged
using DIC microscopy. Embryos were untreated in control embryos (top panel), and treated
with 100 mM ethanol (second and third panels from top, note reduced forebrain, white
asterisks, and reduced hatching gland, white arrows, which was variable), 100 mM ethanol
and 10−9 M retinoic acid (fourth panels from top), and 10−9 M retinoic acid alone (bottom
panel) from 3 hpf until 24 hpf (see Materials and Methods). At 24 hpf, ethanol and/or
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retinoic acid treatments were discontinued, and embryos were incubated with normal
embryo medium until 30 dpf, anesthetized and imaged. Abbreviations: ey, eye; fb, forebrain;
hb, hindbrain; hg, hatching gland; mid, midbrain; and ov, otic vesicle. In the four lower
panels, asterisks indicate forebrains, and the hatching glands are indicated by arrows.
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Table I
Ethmoid plate cartilage width (in micrometers) at 4.5 dpf in ethanol and retinoic acid
treated embryos

Embryos were treated from 3 hpf until 24 hpf (during gastrulation and somitogenesis) with 100 mM ethanol,
10−9 M retinoic acid, or 100 mM ethanol and 10−9 M retinoic acid together, and compared to untreated
control embryos. At 4.5 dpf larvae were fixed using paraformaldehyde to stop development, and processed for
alcian blue staining to visualize developing craniofacial cartilages (see Materials and Methods). Differential
interference contrast (DIC) microscopy images focused on the dorsal craniofacial cartilage structures were
used to measure the width of the ethmoid plate using ImageJ image analysis software (see Materials and
Methods). Two-way ANOVA was performed to compare treatment groups. Ethanol-by-retinoic acid
interaction was significant (P=0.0703), and pairwise comparison P-values are shown. Bonferroni adjustment
for multiple (six) comparisons was used to ensure an overall ninety five percent confidence. Thus, P-
value≤0.008 was used to conclude that groups were statistically different.

Control Ethanol Ethanol+RA RA only

Mean 148.4 134.1 154.8 158.1

SD 6.2 10.4 6.5 5.5

n 7 9 6 7

P (vs Control) 0.0012 0.1503 0.0274

P (vs Ethanol) <0.0001 <0.0001

P (vs RA) 0.4503
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Table II
Epiboly percentage in ethanol and retinoic acid treated embryos

Embryos were treated from 3 hpf until 8 hpf (during gastrulation) with 100 mM ethanol, 10−9 M retinoic acid,
or 100 mM ethanol and 10−9 M retinoic acid together, and compared to untreated embryos (normal embryo
medium: Control). At 8 hpf embryos were fixed using paraformaldehyde to stop development, and these
embryos were imaged using a stereo microscope. The percentage of the yolk cell that is covered by the
embryo proper was measured using ImageJ image analysis software (see Materials and Methods). Two-way
ANOVA was performed to compare treatment groups. Ethanol-by-retinoic acid interaction was significant
(P=0.0001), and pairwise comparison P-values are shown. Bonferroni adjustment for multiple (six)
comparisons was used to ensure an overall ninety five percent confidence. Thus, P-value≤0.008 was used to
conclude that groups were statistically different.

Control Ethanol Ethanol+RA RA only

Mean 85.4 74.0 78.1 79.8

SD 4.2 5.7 7.5 7.5

n 29 28 29 29

P (vs Control) <0.0001 <0.0001 0.0012

P (vs Ethanol) 0.0163 0.0009

P (vs RA) 0.3268
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Table III
Body length (in mm) at 30 hpf in ethanol and retinoic acid treated embryos

Embryos were treated from 3 hpf until 24 hpf (during gastrulation and somitogenesis) with 100 mM ethanol,
10−9 M retinoic acid, or 100 mM ethanol and 10−9 M retinoic acid together, and compared to untreated
control embryos. At 30 hpf embryos were fixed using paraformaldehyde to stop development, and these
embryos were imaged using a stereo microscope. Embryo length was measured along the dorsal surface of the
embryos from the most anterior point where the embryo proper touches the yolk to the tip of the tail using
ImageJ image analysis software (see Materials and Methods). Two-way ANOVA was performed to compare
treatment groups. Ethanol-by-retinoic acid interaction was significant (P=0.0005), and pairwise comparison P-
values are shown. Bonferroni adjustment for multiple (six) comparisons was used to ensure an overall ninety
five percent confidence. Thus, P-value≤0.008 was used to conclude that groups were statistically different.

Control Ethanol Ethanol+RA RA only

Mean 3.39 3.10 3.23 3.26

SD 0.12 0.25 0.12 0.12

n 19 19 21 19

P (vs Control) <0.0001 0.0026 0.0206

P (vs Ethanol) 0.0068 0.0011

P (vs RA) 0.4895
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Table IV
Ear circumference (otic vesicle; in μm) in 30 hpf in ethanol, DEAB and retinoic acid
treated embryos

Upper part of table: TL strain embryos were treated from 3 hpf until 24 hpf (during gastrulation and
somitogenesis) with 100 mM ethanol, 10−9 M retinoic acid, or 100 mM ethanol and 10−9 M retinoic acid
together, and compared to untreated control embryos At 30 hpf embryos were fixed using paraformaldehyde
to stop development, and differential interference contrast (DIC) microscopy images focused on the otic
vesicle. Circumference was measured using ImageJ image analysis software (see Materials and Methods).
Two-way ANOVA was performed to compare treatment groups. Ethanol-by-retinoic acid interaction was
significant (P=0.0109), and pairwise comparison P-values are shown. Bonferroni adjustment for multiple (six)
comparisons was used to ensure an overall ninety five percent confidence. Thus, P-value≤0.008 was used to
conclude that groups were statistically different.

Control Ethanol Ethanol+RA RA only

Mean 298.6 259.5 316.8 304.1

SD 24.7 20.3 17.2 6.4

n 5 6 4 4

P (vs Control) 0.0042 0.1775 0.6743

P (vs Ethanol) 0.0003 0.0026

P (vs RA) 0.3642
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