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Abstract

Background: The zebrafish is a powerful neurobehavioral genetics tool with which complex human brain disorders including
alcohol abuse and fetal alcohol spectrum disorders may be modeled and investigated. Zebrafish innately form social groups
called shoals. Previously, it has been demonstrated that a single bath exposure (24 hours postfertilization) to low doses of
alcohol (0, 0.25, 0.50, 0.75, and 1% vol/vol) for a short duration (2 hours) leads to impaired group forming, or shoaling, in adult
zebrafish.

Methods: In the current study, we immersed zebrafish eggs in a low concentration of alcohol (0.5% or 1% vol/vol) for 2 hours
at 24 hours postfertilization and let the fish grow and reach adulthood. In addition to quantifying the behavioral response of
the adult fish to an animated shoal, we also measured the amount of dopamine and its metabolite 3,4-dihydroxyphenylacetic
acid from whole brain extracts of these fish using high-pressure liquid chromatograph.

Results: Here we confirm that embryonic alcohol exposure makes adult zebrafish increase their distance from the shoal
stimulus in a dose-dependent manner. We also show that the shoal stimulus increases the amount of dopamine and
3,4-dihydroxyphenylacetic acid in the brain of control zebrafish but not in fish previously exposed to alcohol during their
embryonic development.

Conclusions: We speculate that one of the mechanisms that may explain the embryonic alcohol-induced impaired shoaling
response in zebrafish is dysfunction of reward mechanisms subserved by the dopaminergic system.

Keywords: embryonic alcohol exposure, fetal alcohol spectrum disorders, zebrafish, abnormal social behavior, dopamine;
DOPAC

Introduction

Alcohol (ethyl alcohol, ethanol, or EtOH) consumption during
pregnancy is known to have deleterious effects on the devel-
oping human fetus. The exposed children, depending on the
severity of the symptoms, may be diagnosed as suffering from
fetal alcohol syndrome (FAS), partial FAS, alcohol-related neu-
rodevelopmental disorders (ARNDs), or alcohol-related birth

defects, collectively known as fetal alcohol spectrum disorder
(FASD) (Stratton et al., 1996). In the United States, FASD has a
prevalence rate of 9 per 1000 live births (Sampson et al., 1997a).
Heavy alcohol consumption during pregnancy can lead to FAS, a
severe form of the disease characterized by facial abnormalities,
growth retardation, and central nervous system impairments
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(Stratton et al., 1996). FAS children suffer from aberrations in
executive function, learning and memory, language, visual-spa-
tial ability, motor function, attention, activity levels, and overall
intellectual performance (Mattson et al., 2011). Although FAS
is the most severe outcome of prenatal alcohol exposure, it is
not the most prevalent disorder within FASD (Sampson et al.,
1997b). ARND represents two-thirds of FASD cases (May et al.,
2009). Individuals with ARND may exhibit observable behavioral
anomalies that are similar to those seen in individuals with FAS;
however, they lack the physical abnormalities necessary for the
FAS diagnosis (Stratton et al., 1996).

Animal models have been proposed to facilitate the under-
standing of the biological mechanisms of these disorders (Cole
et al,, 2012). For example, mice (Schneider et al., 2011a), rats
(Slawecki et al., 2004), and nonhuman primates (Schneider et al.,
2011b) have been successfully used to model FAS and/or ARND.
The zebrafish is another animal model that has started to aid
this research (Fernandes and Gerlai, 2009; Buske and Gerlai,
2011; Mahabir et al., 2013).

Zebrafish strike a balance between complexity and practical-
ity. They are vertebrates that share a number of characteristics
with mammals such as basic anatomical layout of their brain
(Tropepe and Sive, 2003) and typical vertebrate neurotransmitter
systems (Chatterjee and Gerlai, 2009). The nucleotide sequence
of their genes has also been found to be highly similar to that
of mammalian homologs (Howe et al., 2013). Zebrafish are small
(3—4 centimeters long) and can be housed in groups, making
their maintenance inexpensive. Furthermore, the zebrafish
has developmental characteristics that are especially useful in
the study of ARND (Bilotta et al., 2004). Zebrafish eggs are fer-
tilized externally (Niisslein-Volhard and Dahm, 2002), and fry
develop outside of the mother and independent of any parental
care (Engeszer et al., 2007). Therefore, complications associated
with the intra-uterine environment or with maternal care that
are characteristic of mammalian species can be avoided using
zebrafish (Bilotta et al., 2004). Exposure of zebrafish embryos to
the desired alcohol concentration may be achieved with high
temporal precision, because the chorion of the zebrafish egg is
partially permeable to alcohol (Loucks and Carvan, 2004). The
alcohol exposure procedure is simple. It involves submerging
the eggs in the desired concentration of alcohol for the desired
length of time at the desired stage of development (Fernandes
and Gerlai, 2009). Also, because zebrafish are prolific breeders
(females can produce 200 eggs in a single spawning) and the
eggs are small, a large number of eggs can be exposed to alco-
hol at precisely the same developmental stage and for the same
duration, a procedure that is expected to reduce error variation
among the exposed subjects (Fernandes et al., 2014). Last, a suc-
cessful zebrafish ARND model has been published (Fernandes
and Gerlai, 2009; Buske and Gerlai, 2011; Fernandes et al., 2014).

Patients suffering from ARND display a variety of behavio-
ral abnormalities, many of which are associated with impaired
social skills (Kodituwakku, 2007; Rasmussen et al., 2010).
Zebrafish, innately form social groups called shoals (Pitcher,
1983), making them a potentially suitable model organism for
the study of impaired social behavior. When zebrafish are pre-
sented with a shoal (computer-generated images of or live con-
specifics), they approach the shoal stimulus and stay in close
proximity to it (Qin et al., 2014). The decrease in the distance
between the experimental subject and the shoal stimulus is
thus a natural response that offers precise and easy quantifi-
cation. Using a computer-animated shoal stimulus, Fernandes
and Gerlai (2009) found a dose-dependent decrease in shoal-
ing behavior in fish exposed to alcohol during embryonic

development. Adult zebrafish treated with system water dur-
ing their embryonic development approached and stayed close
to the animated shoal, whereas fish that received alcohol for
2 hours at their 24th postfertilization hour stage of develop-
ment lacked the response (highest alcohol dose) or showed a
diminished reaction (lower alcohol doses). Employing the same
dosing regime, another study confirmed the above findings but
with a different experimental procedure (Buske and Gerlai,
2011). In this latter study, alcohol-exposed fish were found to
be further away from their nearest neighbor in freely moving
shoals compared with controls. We stress the fact that the latter
2 studies demonstrated the first time that bath immersion in
even low doses of alcohol (0, 0.25, 0.50, 0.75, and 1.0% vol/vol)
administered for only a short duration (2 hours) during embry-
onic development could have significant effects. Notably, the
actual alcohol concentration reaching the embryo inside the egg
was found to be one-twentieth to one-thirtieth of the external
bath concentration, and these very low doses led to the signifi-
cant behavioral abnormalities without physical malformations
or growth retardation (Fernandes and Gerlai, 2009; Buske and
Gerlai, 2011), findings that demonstrated the potential utility
of zebrafish in modeling human ARND. The mechanisms of the
observed behavioral changes, however, remained unknown.

To start unraveling these mechanisms, dopamine and its
metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), were
analyzed for a number of reasons. Previously, prenatal alcohol
exposure has been shown to impair the dopaminergic system
in a variety of species (Schneider et al., 2011a). The sight of con-
specific shoals has been shown to have rewarding properties in
zebrafish (Al-Imari and Gerlai, 2008), and presentation of ani-
mated conspecific images (artificial shoals) has been found to
increase the levels of dopamine and DOPAC in the brain of the
stimulated zebrafish (Saif et al., 2013). Importantly, dopamin-
ergic dysfunction induced by low to moderate embryonic alco-
hol exposure has now been shown in zebrafish too (Buske and
Gerlai, 2011; Mahabir et al., 2013). Buske and Gerlai (2011) found
decreased shoal cohesion as well as decreased dopamine and
DOPAC levels in alcohol-exposed fish, providing the first piece of
evidence suggesting that the embryonic alcohol-induced impair-
ment of shoaling behavior correlates with abnormalities in the
dopaminergic system in zebrafish. The limitation of this latter
study, however, was that tissue (brain) samples required for
high-precision liquid chromatography (HPLC) analysis of neuro-
chemicals could not be correlated with the individual’s behav-
ioral responses because the behavior of the fish were quantified
in groups, that is, in freely moving live shoals. Furthermore,
embryonic alcohol-induced abnormalities in shoaling-elicited
dopaminergic responses could not be separated from potential
baseline (prestimulation) dopaminergic impairment. Mahabir
et al (2013) also demonstrated reduction of dopamine levels in
response to embryonic alcohol exposure; however, this study
did not include any behavioral measures.

The current study is aimed at addressing some of the above
limitations. Here, a computer-animated shoal was used to elicit
the behavioral response from a single subject at a time. The
behavioral responses of the subject were recorded by a camera
and analyzed using an automated tracking software applica-
tion. Whole brain extracts were analyzed using HPLC to quan-
tify dopamine and DOPAC levels from the same fish that were
behaviorally tested. Importantly, the HPLC analysis was con-
ducted for adult fish both before and after the shoal stimulus
presentation. This allowed us to quantify the potential effects of
embryonic alcohol exposure on the functioning of dopaminer-
gic system at baseline (without shoaling stimulation) and when



the neurotransmitter system is engaged (with stimulation). We
confirm that presentation of the shoal stimulus increases dopa-
mine and DOPAC levels in the brain of the test fish. Furthermore,
and more importantly, we report no embryonic alcohol-induced
impairment in dopamine and DOPAC levels before shoal stimu-
lation (baseline), but find abolishment of the shoal stimulation
induced increase of dopamine and DOPAC levels in the embry-
onic alcohol-treated fish.

Methods

Animals and Housing

Sexually mature adult zebrafish of the AB strain (ZFIN Center,
Eugene, OR) were bred at the University of Toronto Mississauga,
Vivarium (Mississauga, Ontario, Canada) to obtain fertilized
eggs. AB is a frequently studied zebrafish strain (Lockwood et al.,
2004). A total of 120 fertilized eggs were collected 2 hours post-
fertilization from the same parents and washed with system
water as described (Fernandes and Gerlai, 2009).

An equal number of eggs was placed in containers with
100mL of solution of the corresponding alcohol concentra-
tion (0.00, 0.50, or 1.00% vol/vol) at the 24th hour postfertiliza-
tion for 2 hours, a procedure and timing of alcohol exposure
previously employed (Fernandes and Gerlai, 2009; Buske and
Gerlai, 2011; Mahabir et al., 2013). The 24th hour postfertiliza-
tion represents the end of the segmentation and the begin-
ning of the pharyngula stage of zebrafish development, which
corresponds approximately to the late first trimester or early
second trimester of human fetal development (Kimmel et al.,
1995; also see http://zfin.org/zf_info/zfbook/stages/ and http://
www.ehd.org/virtual-human-embryo/). After the 2-hour-long
alcohol exposure, eggs were washed with system water and
maintained in 1.3-L tanks of a nursery rack (Aquaneering
Inc., San Diego, CA). The developing fish were maintained as
described elsewhere (Fernandes and Gerlai, 2009). Zebrafish
were housed in the system rack in groups of 10 until they
were at least 8 months old (fully developed sexually mature
young adults, about 50% male and female). The sample sizes of
treated fish were as follows: 0.00% EtOH control, n=29; 0.50%
EtOH, n=30; and 1.00% EtOH, n=29 (these sample sizes are
slightly lower than the number of eggs treated, because not all
collected eggs were fertilized).

Behavioral Apparatus

The experimental set-up was a 37-1 tank (50x25x30cm, length
x width x height) with a flat LCD computer screen (17-inch
Samsung SyncMaster 732N monitor) placed on the left and
right sides of the tank. Each monitor was connected to a Dell
Vostro 1000 laptop running a custom-made software applica-
tion (Saverino and Gerlai, 2008) that allowed the presentation of
animated fish images. The experimental tank was illuminated
by a 15-W fluorescent light-tube from above. The back and
bottom of the tank were coated with white corrugated plastic
sheets to increase contrast and reduce glare for video-tracking.
Two identical experimental set-ups were used in parallel. The
behavior of experimental fish was recorded onto the hard drive
of video cameras (one camera per test tank, JVC GZ -MG37u
and GZ-MG50) placed in front of the test tank. This way, move-
ments of the fish on the vertical plane perpendicular to the line
of sight of the camera could be evaluated. The digital record-
ings were transferred to a desktop computer (Dell, Dimension
8400) and later replayed and analyzed using the Ethovision
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Color Pro Videotracking software (Version 8.5 XT, Noldus Info
Tech, Wageningen, The Netherlands).

Behavioral Test Procedure

Behavioral testing was conducted as previously described
(Fernandes and Gerlai, 2009). Briefly, to explore the potential
effect of early developmental exposure to alcohol, we placed
our adult experimental zebrafish in the test tank singly, and 30
seconds later we started a 23-minute-long recording session.
During the recording session, the subject was first presented
with a 10-minute no-stimulus interval (habituation period), fol-
lowed by a 10-minute stimulus presentation interval (animated
images of 5 zebrafish moving with a speed ranging between 1.5
and 4cm/second), after which a 3-minute no-stimulus interval
commenced. The shoal stimulus was presented on only one
side of the test tank for each experimental fish, but the side of
presentation alternated randomly across experimental subjects.
Subjects that were in the no-stimulus condition were placed in
the test tank for 23 minutes and received blank stimulus screens.

Analysis of Neurochemicals Using HPLC

A subset of behaviorally tested fish (control, n=14; 0.50% EtOH,
n=13,1% EtOH, n=3) were promptly decapitated after the behav-
ioral session and their brains were dissected on ice and soni-
cated. Notably, one-half of these fish in each alcohol treatment
group received no shoal stimulus while the other one-half did.
The details of sample preparation methods and the HPLC pro-
cedures have been published elsewhere (Chatterjee and Gerlai,
2009). Briefly, each sonicate represented a single zebrafish brain
and was centrifuged. The supernatant was analyzed with HPLC
using BAS 460 MICROBORE-HPLC with electrochemical detection
(Bio-analytical Systems Inc., West Lafayette, IN) together with
Uniget C-18 reverse phase microbore column as the stationary
phase (BASi, cat no. 8949). Standard neurochemicals (Sigma)
were used to quantify and identify the peaks on the chromato-
graphs. Levels of dopamine and DOPAC were quantified. Results
are expressed as nanogram of neurochemical per milligram of
total brain protein.

Quantification of Behavior and Statistical Analysis

We quantified the swimming activity of the experimental fish
(total distance moved) and the distance the fish maintained
from the stimulus presentation computer screen. The former
measure may reflect alcohol-induced activity changes, whereas
the latter quantifies the strength of preference to stay in the
proximity of conspecifics (group preference). We also quantified
absolute angular velocity (the speed of turning irrespective of
direction).

Data were analyzed using SPSS (version 14.1) for the PC.
Repeated-measure variance analysis (ANOVA) was employed
to investigate the effect of interval (23 one-minute intervals,
the repeated measure factor), the effect of alcohol treatment (3
doses), and the interaction between these factors. Nonrepeated-
measure ANOVA was also employed for measures derived from
the interval data. Data from the mean absolute angular veloc-
ity were square root transformed to homogenize variances,
and subsequently the results were analyzed using univariate
ANOVA. A 3 (alcohol treatment)x2 (stimulus type: conspecific
presentation or blank presentation) univariate ANOVA was used
to examine dopamine and DOPAC levels. In case of significant
effects, posthoc Tukey’s Honestly Significant Difference (HSD)
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multiple comparison test as well as paired t tests were con-
ducted as appropriate.

Results

Statistical analysis of fish behavior demonstrated no significant
sex differences [F(1, 62)=0.60, p=.44], sex x interval interaction
[F(22, 1364)=0.97, P=.50], sex x alcohol treatment interaction
[F(2, 62)=2.51, P=.089], or sex x interval x alcohol treatment
interaction [F(44, 1364)=1.32, P=.08]. As a result, data are pooled
for sex in subsequent analyses.

Figure 1 shows the distance experimental fish swam from the
stimulus screen. When a single zebrafish was presented with the
sight of conspecifics (shoal of live fish or an animated shoal; Qin
et al., 2014), the subject approached the group and remained in
proximity of the group (Saverino and Gerlai, 2008). The conspecif-
ics-induced approach (shoaling) response is evident in Figure 1
and was particularly robust in fish that were not treated with
alcohol (control). However, the response appears to be dimin-
ished in embryonic alcohol-treated fish in a dose-dependent
manner, an observation supported by our statistical analyses.
We found a significant main effect of interval [F(22, 1364)=9.09,
P<.0001], main effect of alcohol treatment [F(2, 62) =4.33, P=.017],
and also a significant interval x alcohol treatment interaction
[F(44, 1364)=1.97, P<.0001], indicating that embryonic alcohol
exposure affected the distance from the stimulus in an interval-
dependent manner. To explore the significant interval x alcohol
treatment interaction, we calculated the average distance from
the stimulus screen for the entire 10-minute no-stimulus period
(habituation period) and the entire 10-minute shoal presentation
period (stimulus period) and subtracted the mean distance of
the habituation period from the mean distance of the stimulus
period (Figure 2), a measure we call stimulus-induced reduction
of distance. This addressed the inappropriateness of posthoc
multiple comparison tests such as Tukey’s HSD for the analysis
of repeated-measure variables. We found the distance reduction
to be the largest in control fish and smallest in the fish exposed
to the highest concentration of alcohol during embryonic devel-
opment (Figure 2). ANOVA revealed a significant effect of alcohol
treatment [F(2, 67)=4.60, P=.010], and Tukey’s HSD posthoc test
demonstrated that untreated (control) fish were significantly dif-
ferent (P=.007) from fish that were exposed to 1.0% ethanol. Next,
we investigated whether the apparent reduction in the distance
to the stimulus screen upon the conspecific presentation was
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Figure 2. Reduction of distance between the adult experimental zebrafish and
the stimulus screen in response to conspecific stimulus presentation. Mean +
SEM are shown. Sample sizes are given in the Methods section. Values represent
the difference between the distances fish were from the stimulus presentation
screen before and during conspecific stimulus presentation. Larger negative val-
ues mean larger reduction of distance, that is, stronger response to the conspe-
cifics. The categories indicated for the x-axis represent the embryonic alcohol
dose (vol/vol % bath concentration) administered at the 24th hour postfertiliza-
tion for a 2-hour duration. Note the linear negative dose response relationship
between the alcohol dose and the shoaling response.

0.50% 1.0%

iilllll:lmm_
20 23 1 5 10 15 20 23

Une minute intervals

Figure 1. Average distance between the adult experimental zebrafish and the stimulus presentation computer screen plotted for 1-minute intervals of the 23-minute behav-
ioral recording session. Mean + SEM are shown. Sample sizes are given in the Methods section. The period of stimulus presentation is shown by the horizontal bar above the
x-axis (no bar represents the period of no-stimulus presentation; black bar represents the period of presentation of animated images of 5 conspecifics). The alcohol concentra-
tion to which fish were exposed during development (one exposure for 2 hours at 24 hours postfertilization) is shown above the graphs. Note the robust reduction of the dis-
tance to the stimulus upon conspecific presentation in control fish and that this response diminishes as the alcohol dose employed during embryonic development increases.



Another potential performance confound that may influence
shoaling responses is perception. In the current study, the only
modality that the test fish could use to detect the shoaling stim-
ulus was vision. To investigate whether the animated images
were perceived by the experimental fish, we examined the mean
absolute angular velocity, a measure that quantifies the speed
of turning (Ethovison Manual). Previously, we have found that
presentation of moving images that do not resemble conspecif-
ics increase angular velocity in zebrafish, a response we argued
was unrelated to shoaling (Saif et al., 2013). Thus, quantifica-
tion of image presentation-induced changes in angular veloc-
ity may allow us to dissociate behavioral responses unrelated to
shoaling from shoaling. To calculate the change in the amount
of turns, we first averaged the angular velocity values for the

Total distance moved (cm)
3
b=

0.00 0.50 1.00
Alcohol concentration (vol'vel %)

Figure 3. Total distance swam by the adult experimental zebrafish during the
entire 23-minute recording session. Mean + SEM are shown. Sample sizes are
given in the Methods section. The concentration of alcohol treatment (one expo-
sure for 2 hours, 24 hours postfertilization) is shown under the x-axis. Note that
early developmental exposure to alcohol had no significant effect on general
activity of the adult fish.
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Figure 4. Change of the absolute angular velocity upon the presentation of the
animated shoal. Mean + SEM are shown. Sample sizes are given in the Methods
section. The concentration of alcohol treatment (one exposure for 2 hours, 24
hours postfertilization) is shown under the x-axis. Note that no significant dif-
ferences were found among the treatment groups.
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habituation period and also for the stimulus presentation
period, and then we subtracted the former from the latter.
A positive value thus represents a stimulus-induced increase in
turning. Figure 4 shows the amount of increase in turning (angu-
lar velocity) in response to the shoal stimulus. ANOVA found no
significant effect of alcohol treatment [F(2, 65) = 2.12, p = 0.13].
Next we examined whether the apparent increase in the angu-
lar velocity upon the conspecific presentation was significant,
and compared the stimulus-induced change in angular veloc-
ity to “0” (no change). To homogenize variances, we performed
a square root transformation before the statistical analysis.
One-sample t-tests performed with the scale transformed data
confirmed that fish from the control and 0.50% alcohol treated
groups significantly increased their angular velocity in response
to the stimulus (control t(21) = 3.321, p < 0.01; 0.50% EtOH t(22)
=4.110 p < 0.0001; 1.0% EtOH t(22) = -0.320, p > 0.75). The above
results show that fish of the highest concentration group did not
respond to the shoal images while the fish in the control and the
lower concentration group did.

Next, we examined whether exposure to alcohol during
development led to long-lasting changes in the dopaminer-
gic system. We quantified the amount of dopamine and its
metabolite DOPAC and normalized the measured neurochemi-
cal weights to the weight of the total brain protein across 6
conditions. Each of the 3 alcohol treatment groups (0, 0.50, and
1.0% EtOH vol/vol embryonic alcohol treatment) had 2 condi-
tions: one in which the adult fish received presentation of the
animated shoal (stimulated fish) and the other in which the
shoal was absent (nonstimulated fish allowing for the quanti-
fication of baseline). Figure 5 shows the normalized dopamine
levels across these 6 conditions. First, we conducted a univariate
ANOVA examining the effect of alcohol treatment (0, 0.50, and
1.0% vol/vol) and stimulus (present vs absent) on dopamine. We
found a significant main effect of stimulus [F(1, 34)=5.20, P=.029]
and a nonsignificant main effect of alcohol treatment [F(2,
34)=2.09, P=.140]. The interaction between alcohol treatment x
stimulus was also found to be significant [F(2, 34)=5.16, P=.011],
suggesting that the effect of stimulus on dopamine levels was
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Figure 5. The amount of dopamine normalized to total brain protein varies in a
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SEM are shown. Sample sizes are given in the Methods section. The group des-
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employed at the 24th hour postfertilization for 2 hours. These designations also
show whether the adult fish received the stimulus or not before tissue sampling.
Note the shoal stimulus induced increase of dopamine in the adult control fish
(no alcohol exposure) and the lack of such increase in the adult fish exposed to
alcohol during their embryonic development.
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embryonic alcohol exposure dependent. To further explore
this interaction, we conducted a Tukey’s HSD posthoc test and
found that control fish (0% alcohol) responded with a significant
(P=.004) increase of dopamine levels to the presentation of the
shoal stimulus, but the embryonic alcohol-treated fish did not
(the difference between stimulus absent and stimulus present
conditions was not significant for these fish, P>.05). Last, Tukey’s
HSD also detected no significant differences (P>.05) among any
of the groups before stimulus presentation (baseline).

The results obtained for DOPAC mirrored those found for
dopamine (Figure 6). ANOVA revealed a significant main effect
of alcohol treatment [F(2, 34)=3.41, P=.045] and stimulus [F(1,
34)=8.45,P=.006] and also found the alcohol treatment x stimu-
lus interaction to be significant [F(2, 34)=3.31, P=.049]. Tukey’s
HSD revealed a significant (P=.006) stimulus-induced increase
of DOPAC levels in control fish but found no such increase in any
of the embryonic alcohol-treated fish (P>.05). Tukey’s HSD also
found no differences (P>.05) among any of the groups that were
not stimulated by the animated shoal (baseline).

Discussion

Prenatal alcohol exposure in the clinical population is known
to cause a number of different deficits, including impairments
in social behavior (Rasmussen et al., 2010). However, the mech-
anisms responsible for these aberrations remain unknown.
Here, we employed zebrafish to begin the investigation of these
mechanisms. We found zebrafish treated with alcohol during
their embryonic development to exhibit a diminished shoaling
response to animated images of conspecifics compared with
unexposed control zebrafish. This result confirms the notion
that even low doses of alcohol reaching the embryo once and
for a short duration of time can have lasting deleterious conse-
quences. Furthermore, our results show that the presentation of
the conspecific images triggered an increase of dopamine and
DOPAC levels in control fish, but it did not alter neurotransmit-
ter levels in previously alcohol-treated zebrafish. Although only
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Figure 6. The amount of 3,4-dihydroxyphenylacetic acid (DOPAC) normalized
to total brain protein varies in a stimulus presentation and embryonic alcohol
dose-dependent manner. Mean + SEM are shown. Sample sizes are given in the
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mine in the adult control fish (no alcohol exposure) and the lack of such increase
in the adult fish exposed to alcohol during their embryonic development.

correlative, these results implicate the dopaminergic system in
the embryonic alcohol exposure-induced impairment of shoal-
ing response.

Zebrafish naturally swim in shoals in the wild (Spence
et al., 2007) and also exhibit strong preference for conspecifics
in the laboratory (Gerlai et al., 2000; Saverino and Gerlai, 2008;
Fernandes and Gerlai, 2009; Saif et al., 2013; Qin et al., 2014). We
utilized this innate behavior to quantify the effects of embry-
onic alcohol exposure on the functioning of the brain in the
adult fish and found a significant and alcohol dose-dependent
impairment in the reduction of distance to the images of con-
specifics, that is, in the shoaling response. This result is in line
with clinical data (Rasmussen et al., 2010; Kully-Martens et al.,
2011) as well as with studies using animal models including
zebrafish (Fernandes and Gerlai, 2009; Hamilton et al., 2010a
2010b; Buske and Gerlai, 2011; Schneider et al., 2011a; Parker
et al., 2014a), which all found abnormal social behavior result-
ing from embryonic alcohol exposure. However, before conclud-
ing that the impaired response to the images of conspecifics
we found in the alcohol-exposed fish was indeed due to their
abnormal social behavior, we need to consider a number of
alternative hypotheses.

Prenatal alcohol exposure has been found to affect motor
activity (Schneider et al., 2011a). Therefore, one could argue that
the impaired shoaling response we report here may be the result
of motor dysfunction. However, our current results suggest this
argument is not correct. We found no abnormalities in motor
function of the alcohol-treated fish. For example, their general
activity level (total distance swam) did not differ from control
(Figure 3). Furthermore, the amount and speed of turning they
performed was also statistically indistinguishable from control.
Thus, we conclude that the impaired response to the images of
conspecifics is not due to alterations in motor function.

Another possible reason for the impaired shoaling response
may be abnormal vision. Matsui et al. (2006) and Arenzana et al.
(2006) reported alcohol exposure impaired the visual system in
zebrafish. However, these authors used higher alcohol concen-
trations than what we employed here, and they exposed the
zebrafish embryos to alcohol for much longer periods of time
than we did. Nevertheless, although we observed no aberrations
in the gross structural features of the eyes of our exposed fish,
exposure to even low concentrations of alcohol and for a short
period of time may affect eye development and thus slightly
impair vision. We argue, however, that visual impairment is
unlikely to explain the abnormal shoaling response we report
for 2 reasons. One, our current behavioral results show that
the alcohol-exposed zebrafish do see. We base this conclusion
on the turning frequency found in response to stimulus image
presentation in the alcohol-treated fish, a response that was
indistinguishable from that of control. Two, although this latter
finding does not preclude the possibility of slight visual impair-
ment, notably, Buske and Gerlai (2011) found impaired shoaling
even in freely moving groups of zebrafish exposed to the same
embryonic alcohol treatment employed here. In these shoals,
modalities other than vision may also be used by shoal mem-
bers. Notably, shoaling fish have been found to shoal normally
even in the complete absence of visual cues (Timmermann
et al., 2004), yet the embryonic alcohol-treated zebrafish exhib-
ited impaired shoaling (Buske and Gerlai, 2011).

The questions of what central nervous system mechanisms
embryonic alcohol exposure alters and whether these alterations
may causally explain the observed behavioral changes reported
here remain to be answered. Nevertheless, the literature and
our current results implicate the dopaminergic system as one



such mechanism. In the current study, we found the presenta-
tion of conspecific images induced increased levels of dopamine
and DOPAC, but only in control fish. Al-Imari and Gerlai (2008)
showed that zebrafish found the sight of conspecifics rewarding,
andSaif and Gerlai (2013) found the appearance of an animated
shoal increased dopamine and DOPAC in the brain of zebrafish.
Scerbina et al. (2012) showed that dopamine D1-receptor antago-
nism disrupts shoaling. Buske and Gerlai (2011) and Mahabir et al.
(2013) have found that embryonic alcohol exposure impaired
the dopaminergic system, a result that is in line with what has
been found in primates prenatally exposed to alcohol (Schneider
et al.,, 2006). Last, Parker et al. (2014b), albeit using a different
embryonic alcohol exposure regimen than we did, found altera-
tions in expression of genes encoding, among other proteins,
dopamine receptors. Given the aforementioned findings and the
fact that dopamine is known to play an important role in reward
(Kuhar et al., 1991), the correlation we found between abnormal
shoaling responses and reduced dopamine and DOPAC levels is
not surprising but pinpoints a possible mechanism for the action
of alcohol exposure during embryogenesis. The observed lack of
statistically appreciable differences in dopamine and DOPAC lev-
els between control and alcohol-treated fish at baseline, that is,
before the presentation of images of conspecifics, is also notable.
In 2 previous studies (Buske and Gerlai, 2011; Mahabir et al., 2013),
reduced dopamine and DOPAC levels were found in the fish that
were exposed to alcohol during their embryonic development.
In these studies, however, baseline responses could not be dis-
tinguished from stimulation-induced changes, as neurochemical
levels were measured after the fish were exposed to either live
conspecifics or animated images of conspecifics. In summary,
we conclude that embryonic alcohol exposure impairs the dopa-
minergic response to social stimuli in zebrafish. Whether this
impairment is specific to such stimuli, or more general, that is, it
is associated with other rewards or reinforcers, is a question that
will be investigated in the future.

The last comment we make concerns the methods we
employed. One of the goals of establishing a zebrafish ARND
model is to utilize this model for the identification of both the
mechanisms and the potential biomarkers associated with the
disease that would aid treatment and diagnosis. Establishment
of the model is the first step in this research. Subsequent steps
may include systematic mutation screens for the identification
of genetic factors that may alter the sensitivity of the embryo to
alcohol exposure or the outcome of this exposure at a later stage
of development including adulthood. Similarly, large-scale drug
screens may identify small molecules that modify the effect or
the manifestation of embryonic alcohol exposure. Both for muta-
tion and drug screening we expect the need of high throughput,
because a potentially large number of fish will have to be tested to
identify interesting mutants and/or drugs. Importantly, because
the methods we employed include computerized stimulus deliv-
ery and also computerized behavioral response quantification,
the experimenter does not need to be present during the behav-
ioral session and thus the test paradigm is highly scaleable, that
is, can be run in a massively parallel manner, which makes the
employed behavioral method efficient. We argue, therefore, that
our results and the presented methods together with the known
translational relevance of the zebrafish will make this species a
useful model for the analysis of ARND.
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