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Abstract

Rationale The zebrafish has become an increasingly popular
animal model for investigating ethanol’s actions in the brain
and its effects on behavior. Acute exposure to ethanol in
zebrafish has been shown to induce a dose-dependent increase
of locomotor activity, to reduce fear- and anxiety-related be-
havioral responses, and to increase the levels of dopamine and
its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC).
Objectives The objective of the present study was to investi-
gate the role of dopamine D; receptors (D;-R) in ethanol-
induced locomotor activity in zebrafish.

Methods Zebrafish were pre-treated with SCH-23390 (0 or
1 mg/L bath concentration), a D;-R antagonist, and subse-
quently exposed to ethanol (0, 0.25, 0.5, 1.0 % v/v). To ex-
plore potential underlying mechanisms, we quantified levels
of dopamine, DOPAC, serotonin, and 5-HIAA from whole-
brain tissue using high-precision liquid chromatography.
Results We found pre-treatment with the D;-R antagonist to
attenuate locomotor activity independent of ethanol concen-
tration. Furthermore, unlike ethanol, D;-R antagonism did not
alter behavioral responses associated with fear and anxiety.
Pre-treatment with SCH-23390 decreased levels of dopamine
and DOPAC, but this effect was also independent of ethanol
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concentration. The D;-R antagonist also reduced serotonin
and 5-hydroxyindole acetic acid (5-HIAA) levels.
Conclusion These results suggest a multifaceted and at least
partially independent role of dopamine D, receptors in
ethanol-induced locomotor activity and anxiety-related re-
sponses as well as in the functioning of the dopaminergic
and serotoninergic neurotransmitter systems in zebrafish.

Keywords Zebrafish - Ethanol - SCH-23390 - Dopamine -
Locomotor activity

Introduction

A robust and quantifiable behavioral response induced by a
non-sedative dose of ethanol in zebrafish is the time- and
dose-dependent increase of locomotor activity often measured
as the total distance the fish traveled (Echevarria et al. 2011;
Rosemberg et al. 2012; Sterling et al. 2015; Tran and Gerlai
2013). Previous studies have found that acute exposure to 1 %
v/v ethanol increased locomotor activity with a peak at ap-
proximately 20-30 min after the start of exposure
(Rosemberg et al. 2012; Tran and Gerlai 2013). Acute expo-
sure to ethanol has been shown to increase the levels of the
monoamine neurotransmitter dopamine and its metabolite 3,4-
dihydroxyphenylacetic acid (DOPAC) in the zebrafish brain
(Chatterjee et al. 2014; Gerlai et al. 2009a, b), which was
subsequently correlated with increased locomotor activity
(Tran et al. 2015a). The increase in both dopamine and
DOPAC has also been correlated with increased activity of
tyrosine hydroxylase, the rate-limiting enzyme responsible
for the synthesis of dopamine, but not monoamine oxidase,
the enzyme responsible for the breakdown of dopamine into
DOPAC (Chatterjee et al. 2014). Chatterjee et al. (2014) there-
fore concluded that the increase in dopaminergic activity
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induced by ethanol is likely due to elevation of synthesis and
not to the breakdown of dopamine. However, the time-
dependent simultaneous increase in both dopamine and
DOPAC following ethanol exposure that was initially reported
(Chatterjee and Gerlai 2009) suggests that Oan increasing
amount of dopamine is being both synthesized and released
into the synaptic cleft and subsequently broken down into
DOPAC upon reuptake. In zebrafish, four different dopamine
receptor subtypes (D;, D,, D3, and D,4) have been identified
(Li et al. 2007; Boehmler et al. 2004; 2007). Among the dif-
ferent types of dopaminergic receptors in the brain, the one
that is most predominately expressed is the excitatory D, re-
ceptor (D;-R) subtype (Fremeau et al. 1991). D;-R has been
shown to mediate locomotor activity in mammals including
rodents (Tran et al. 2005; Centonze et al. 2003). Therefore, it
is possible that the increase in locomotor activity observed in
zebrafish following acute ethanol exposure is due in part to
activation of the dopamine D, receptors.

Previous studies have shown that dopamine D,-like
and D,-like receptors contribute to locomotor activity
in zebrafish, such that antagonizing these receptor sub-
types leads to changes in locomotor activity (Irons et al.
2013; Tran et al. 2015b;). Specifically, D; receptor
blockade by SCH-23990 (a D, receptor antagonist) has
been shown to induce a dose-dependent decrease in lo-
comotor activity in adult zebrafish (Tran et al. 2015b)
as well as in larvae (Irons et al. 2013). Activation of D,
receptors by SK-38393 (a D; receptor agonist) has also
been shown to increase locomotor activity in zebrafish
larvae (Irons et al. 2013). These studies utilized drugs
designed for mammalian dopaminergic receptors. The
efficacy of these drugs demonstrated in zebrafish sug-
gests that the zebrafish homologues of these mammalian
receptors are structurally and functionally conserved
across these highly different vertebrate species.

Together, these studies allow the development of a
working hypothesis for how ethanol may increase loco-
motor activity in zebrafish. For example, the ethanol-
induced increase of locomotor activity may be partially
mediated by elevated synthesis and release of dopamine,
which subsequently activates dopamine D; receptors. To
test this hypothesis, we investigated whether pre-
treatment with a dopamine D, receptor antagonist
(SCH-23390) could attenuate the locomotor stimulant
effects of ethanol in zebrafish. To examine changes
within the dopaminergic system, we quantified the
levels of dopamine and its metabolite DOPAC following
D, receptor blockade and ethanol exposure. In addition,
due to reported effects of ethanol (Chatterjee et al.
2014; Puttonen et al. 2013) and SCH-23390 on the
zebrafish serotonergic system (Scerbina et al. 2012),
we also quantified the levels of serotonin and its me-
tabolite 5-hydroxyindoleacetic acid (5-HIAA).
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Methods
Animals and housing

Male and female zebrafish (8—9 months old) of the AB strain
were housed in 37-L tanks prior to testing (n=20 per tank).
Animals were kept on a 13-h light-dark cycle with lights turn-
ing on at 08:00 h and off at 21:00 h. Detailed information on
housing and rearing conditions are described elsewhere (Tran
and Gerlai 2013).

Experimental design and testing procedure

We employed a 2x4 between-subject experimental design
with pre-treatment (two levels—D, antagonist or system wa-
ter) and ethanol (four levels—O0, 0.25, 0.5, 1.0 % v/v) as the
between-subject factors with 30 fish per group. Individual
zebrafish were netted from their home tanks (37-L tanks)
and were pre-treated with either 1 mg/L of R(+)-SCH-23390
hydrochloride (Sigma-Aldrich, Oakville, ON, Canada) or sys-
tem water (reverse osmosis water supplemented with 100 mg/
L instant ocean sea salt) for 30 min in a 1.5-L tank. The dose
and duration of exposure for SCH-23390 were chosen based
upon a previous study (Tran et al. 2015b). Following the 30-
min pre-treatment, zebrafish were subsequently challenged
with 0, 0.25, 0.50, or 1.00% v/v ethanol in a 1.5-L tank for
30 min.

Video cameras were placed in front of the exposure tanks,
and video recordings were taken during the 30-min acute eth-
anol challenge. The testing tanks were 1.5-L transparent plexi
glass tanks with a white background flanking the back and
sides to obscure external stimuli. Following the acute ethanol
exposure, zebrafish were euthanized by decapitation and their
heads stored at —80 °C. Brains were dissected and subsequent-
ly prepared for HPLC described below.

Behavioral quantification

Videos were replayed and swim path parameters were quan-
tified using EthoVision XT 8.5, an automated video tracking
software. The three behavioral parameters quantified were
total distance traveled (cm), a measure of locomotor activity;
variance of distance to bottom (cm?), a measure of vertical
exploration; and absolute angular velocity (deg/s), a measure
of erratic movement.

Quantification of neurochemicals using high-precision
liquid chromatography

The levels of dopamine, 3,4-dihydroxyphenylacetic acid
(DOPAC), serotonin, and 5-hydroxyindoleacetic acid (5-
HIAA) from zebrafish brain tissue were quantified by high-
precision liquid chromatography (HPLC) using a previously
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established method (Chatterjee and Gerlai 2009; Gerlai et al.
2009a, b). Since we did not expect the activity of dopaminer-
gic, or serotonergic, neurons of different brain areas to re-
spond in an opposite manner, and since the zebrafish brain is
relatively small, we quantified the levels of these neurochem-
icals from whole brain samples. Whole brains were dissected
and sonicated in 10 puL of artificial cerebral spinal fluid con-
taining 25 uM ascorbic acid. One microliter of the homoge-
nate was used to determine protein concentration using
BioRad protein assay reagent (BioRad, Hercules, CA,
USA). One microliter of 0.5 N perchloric acid was added to
the remaining homogenate and centrifuged at 10,000 rpm for
20 min. The supernatant was collected and analyzed with
HPLC using a BAS 461 MICROBORE-HPLC system with
electrochemical detection (Bio-analytical Systems Inc, West
Lafayette, IN, USA) with a Uniget C18 reverse phase
microbore column as the stationary phase (BASi, Cat. No.
8949). The mobile phase consisted of a buffer (14.5 mM so-
dium phosphate buffer (pH 3.4) containing 30 mM sodium
citrate, 27 uM EDTA, 10 mM diethylamine hydrochloride,
2.2 mM sodium octyl sulfate), acetonitrile, and tetrahydrofu-
ran at a ratio of 95:4:1. Dopamine hydrochloride, 3,4-
dihydroxyphenylacetic acid, serotonin hydrochloride, and 5-
hydroxyindolacetic acid (Sigma-Aldrich, Oakville, ON,
Canada) were used as standards to identify and quantify peaks
on the chromatographs.

Statistical analysis

Individual trials during which zebrafish exhibited low mobil-
ity (defined as movement of less than 0.5 cm/s over a 1-s
interval) for a period of time longer than 2 standard deviations
from the mean were removed as outliers. A total of 9 out of

SCH-23390 (mg/L)
600 ; A 0 1 1

Total distance traveled (cm)

246 video trials (i.e., less than 4 % of the trials) were removed
from behavioral analysis. First, a two-way repeated measures
ANOVA was performed, with the “antagonist” (SCH-23390)
pre-treatment (two levels) and “ethanol concentration” (four
levels) as the between-subject factors and time (30 levels) as
the repeated measures factor, to examine the temporal effects
of D; receptor antagonist pre-treatment during ethanol expo-
sure. Since Tukey post hoc multiple comparison is not appro-
priate for repeated measures designs, a subsequent two-way
analysis of variance (ANOVA) was employed, with the
“antagonist” (SCH-23390) pre-treatment (two levels) and
“ethanol concentration” (four levels) as the between-subject
factors, to analyze the average of behavioral responses in the
last 10 min of exposure. We chose to analyze behavior during
the last 10 min of the recording session because of the known
time-dependent stimulatory effects of ethanol, and also be-
cause by this period, zebrafish were expected to have been
able to habituate to the novel environment (Tran and Gerlai
2013; Nowicki et al. 2014). Because ANOVA is known to be
underpowered to detect the significance of interaction be-
tween main factors (Wahlsten 1990), irrespective of the pres-
ence or absence of significant interaction terms, we conducted
planned independent two-tailed 7 tests with Bonferroni correc-
tion to compare the D;-R-antagonist-treated and vehicle-
treated fish exposed to the same ethanol dose.

Results
Locomotor activity

Figure 1a shows the time course of locomotor activity for fish
pre-treated with system water or the D; receptor antagonist
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Fig.1 Mean+SEM is shown for total distance traveled in 1-min intervals
(a) and in the last 10 min (b) of a 30-min acute ethanol exposure session.
Ethanol concentrations (0.00, 0.25, 0.50, 1.00 % v/v) are indicated by the
legend. Note that zebrafish were exposed to the D;-R antagonist (SCH-

2,000
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23390 at 1 mg/L bath concentration) or to freshwater (0 mg/L bath
concentration) for 30 min prior to ethanol exposure (n=28-30 for each
of the eight groups). For the results of statistical analyses, see the
“Results” section
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and subsequently exposed to different concentrations of etha-
nol. Upon exposure to the tank, the total distance fish traveled
rapidly increased (£(29, 6496)=19.949, p<0.001). Exposure
to ethanol increased total distance traveled in a time (F(87,
6496)=6.824, p<0.001) and dose dependent manner (F(3,
224)=8.733, p>0.001). Pre-treatment with the D receptor
antagonist decreased locomotor activity (F(1, 224)=17.738,
p<0.001), but there was no significant antagonist x ethanol,
antagonist x time, or antagonist X ethanol x time interaction
(»>0.05). Figure 1b shows that acute ethanol exposure in-
creased total distance traveled in a dose-dependent manner
in the last 10 min of exposure (F(3, 224)=14.360, p<0.001).
Pre-treatment with the D receptor antagonist had a significant
inhibitory effect on locomotor activity (F(1, 224)=15.167,
p<0.001), but the ethanol concentration x antagonist interac-
tion was not found significant by ANOVA (p>0.05). To con-
firm the lack of a significant interaction, we conducted further
analysis of these results. Particularly, we were interested in
whether the D;-R antagonist had the same effect across the
different ethanol dose groups, our null hypothesis. To answer
this question, we performed planned independent two-tailed ¢
tests (to compare D1-R antagonist treated and non-treated
fish) with Bonferroni correction for multiple comparisons
(one ¢ test for each of the four ethanol concentrations). We
found control and D;-R-antagonist-treated fish to not signifi-
cantly differ at any ethanol dose (p>0.05), which, together
with the same ethanol dose response curves found for both
the control and the D-R-treated fish, confirms the absence of
ethanol x antagonist interaction.

Anxiety-like behavioral measures

Figure 2a shows the time course of absolute angular velocity
(a measure of erratic movement) for fish pre-treated with

SCH-23390 (mg/L)
1800 A

1600 ]
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1200

system water or the D receptor antagonist and subsequently
exposed to different concentrations of ethanol. Upon being
placed in the tank, zebrafish exhibited a time-dependent de-
crease of absolute angular velocity (F(29, 6496)=22.289,
p<0.001). Acute exposure to ethanol decreased absolute an-
gular velocity in a time- (F(87, 9496)=3.700, p<0.001) and
dose-dependent manner (F(3, 224) = 4.243, p=0.000).
Overall, zebrafish that were pre-treated with the antagonist
exhibited higher absolute angular velocity (F(1, 224)=
15.178, p<0.001), but there was no significant antagonist x
time, antagonist x ethanol, or antagonist x ethanol x time
interaction (p>0.05). Figure 2b shows that acute ethanol ex-
posure decreased average absolute angular velocity in a
concentration-dependent manner in the last 10 min of expo-
sure (F(3, 224)=9.513, p<0.001). Zebrafish pre-treated with
the D, receptor antagonist exhibited an overall increase in
absolute angular velocity (F(1, 224)=12.094, p=0.001).
There was no significant ethanol concentration x antagonist
interaction found by ANOVA (p>0.05). Pre-treatment with
the D;-R antagonist did not significantly alter the effect of
ethanol at any dose on absolute angular velocity compared
to freshwater pre-treated zebrafish exposed to the correspond-
ing dose of ethanol (p>0.05).

Figure 3a shows the time course of variance of distance to
bottom (a measure of vertical exploration) for fish pre-treated
with system water or the D; receptor antagonist and subse-
quently exposed to different concentrations of ethanol. Upon
being placed in the tank, zebrafish exhibited a time-dependent
increase of variance of distance to bottom (F(29, 6496)=
13.310, p<0.001). Acute exposure to ethanol decreased vari-
ance of distance to bottom in a time- (F(87, 6496)=2.905,
p<0.001) and dose-dependent manner (F(3, 224)=19.147,
p<0.001). There was no significant effect of antagonist pre-
treatment, antagonist x time, or antagonist x ethanol
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Fig. 2 Mean+SEM is shown for absolute angular velocity (speed and

amount of turning) in 1-min intervals (a) and as an average of the last

10 min (b) of a 30-min acute ethanol exposure session. Ethanol
concentrations (0.00, 0.25, 0.50, 1.00 % v/v) are indicated by the
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legend. Note that all zebrafish were exposed to either system water or
1 mg/L of SCH-23390 (the D,-R antagonist) for 30 min before ethanol
exposure (n=28-30 per group). For details of statistical findings, see the
“Results” section
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Fig. 3 Mean+SEM are shown for variance of distance to bottom
(vertical exploration) in 1-min intervals (a) and as an average for the
last 10 min (b) of a 30-min acute ethanol exposure session. Ethanol
concentrations (0.00, 0.25, 0.50, 1.00 % v/v) are indicated by the

interaction (p>0.05). However, there was a significant ethanol
X antagonist x time interaction. Figure 3b shows that acute
ethanol exposure decreased average variance of distance to
bottom in an inverted U-shape dose-dependent manner in the
last 10 min of exposure (F(3, 224)=21.139, p<0.001). There
was no significant main effect of the D, receptor antagonist
(p>0.05), and the ethanol concentration X antagonist interac-
tion was also found non-significant by ANOVA (p>0.05). Pre-
treatment with the D;-R antagonist did not significantly alter
the effect of ethanol at any dose on variance of distance to
bottom compared to freshwater pre-treated zebrafish exposed
to the corresponding dose of ethanol (p>0.05).

Dopaminergic neurotransmitter system (HPLC analysis)

Figure 4a shows that acute ethanol exposure significantly in-
creased the levels of dopamine in the zebrafish brain in a
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legend. Note that all zebrafish were exposed to either system water or
1 mg/L of SCH-23390 (the D;-R antagonist) for 30 min before ethanol
exposure (n=28-30 per group). For details of statistical findings, see the
“Results” section

concentration-dependent manner (F(3, 71)=17.812,
p<0.001), an almost perfect linear dose response. Pre-
treatment with the D; receptor antagonist significantly de-
creased the levels of dopamine in the brain (F(1, 71)=
110.139, p<0.001), but there was no significant ethanol con-
centration x antagonist interaction found by ANOVA
(p>0.05). Subsequent planned ¢ tests also confirmed the lack
of interaction and showed that pre-treatment with the D;-R
antagonist significantly reduced the levels of dopamine in
the zebrafish brain as compared to zebrafish without D;-R
antagonist pre-treatment, a difference that was found signifi-
cant for each ethanol concentration employed (»<0.001).
The pattern of results observed for the levels of DOPAC, a
metabolite of dopamine indicative of release and breakdown
of this neurotransmitter, was similar to what we found for
dopamine (Fig 4b). We found acute ethanol exposure to sig-
nificantly increase the levels of DOPAC in the zebrafish brain

Ethanol concentration
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= [1o0.25%
s . | I 0.50%
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o
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O
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0.0
SCH-23390 (mg/L)

Fig. 4 Mean+SEM is shown for levels of dopamine (a) and DOPAC (b) quantified from brain tissue of fish that were exposed first to either system
water or 1 mg/L of SCH-23390 and subsequently to one of four different concentrations of ethanol (0, 0.25, 0.5, 1.0 % v/v) (n=9-10 per group)
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in a linear ethanol concentration-dependent manner (F(3,
71)=8.150, p<0.001). Pre-treatment with the D; receptor an-
tagonist significantly decreased the levels of DOPAC in the
brain (F(1, 71)=56.372, p<0.001). However, there was no
significant ethanol concentration x antagonist interaction re-
vealed by ANOVA (p>0.05). Pre-treatment with the D1-R
antagonist significantly reduced the levels of DOPAC in the
zebrafish brain as compared to zebrafish without D-R antag-
onist pre-treatment, a difference that was found significant for
each ethanol concentration employed (p<0.028), again
confirming the lack of ethanol concentration x antagonist
interaction.

Serotoninergic neurotransmitter system (HPLC analysis)

The pattern of results observed for the levels of serotonin and its
metabolite S-HIAA appeared slightly different from the one
obtained for dopamine and DOPAC in that, for the former
two neurochemicals, the ethanol-concentration-dependent
change was non-linear: The highest concentration of ethanol
appeared to induce a disproportionately larger increase
(Fig. 5a, b). ANOVA revealed a significant ethanol concentra-
tion effect (F(3, 71)=14.985, p<0.001) as well as a significant
antagonist effect (F(1, 71)=56.282, p<0.001) on serotonin
levels (Fig Sa). Although the ethanol concentration x antagonist
interaction term did not reach significance (F(3, 71)=2.591, p=
0.059), subsequent ¢ test comparisons did demonstrate that the
D;-R antagonist was more effective at higher ethanol concen-
trations. Pre-treatment with the D-R antagonist was found not
to significantly alter serotonin levels in fish that were not ex-
posed to ethanol (p>0.05), but the antagonist was found to
significantly reduce the levels of serotonin in zebrafish that
received acute ethanol at concentrations 0.25 % (¢=3.337,
df=18, p=0.016) 0.50 % (1=4.736, df=17, p<0.001), and
1.00 % (t=4.343, df=18, p<0.001), respectively.

N
I
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-
|

Serotonin (ng/mg protein)

SCH-23390 (mg/L)

The results we obtained for the serotonin metabolite 5-
HIAA (Fig 5b) were similar to those obtained for serotonin.
ANOVA revealed a significant ethanol concentration effect
(F(3,71)=14.365, p<0.001) as well as a significant antagonist
effect (F(1, 71)=62.982, p<0.001) and also detected a signif-
icant ethanol concentration x antagonist interaction (F(3,
71)=4.156, p<0.01). Planned ¢ tests could not confirm this
interaction (they found the D;-R antagonist induced reduction
of 5-HIAA levels significant (»p<0.05) for all ethanol concen-
tration groups). Nevertheless, Tukey’s honestly significant
distance tests revealed a significant difference between the
0.00 and the 1.00 % ethanol exposed fish without D;-R an-
tagonist pre-treatment (Fig. 5b, first set of four bars), an etha-
nol effect that was abolished by D;-R antagonist pre-treatment
(p>0.05) (Fig 5b, second set of four bars).

Discussion

Acute exposure to ethanol in zebrafish has been shown to
affect a large number of different molecular targets including
neurotransmitter systems (Puttonen et al. 2013; Tran et al.
2015a), enzymes (Rico et al. 2007; Tran et al. 2015c), and
signal transduction pathways (Peng et al. 2009; Wangle
et al. 2011). However, recent studies have provided evidence
for a strong relationship between the ethanol-induced
increase of locomotor activity observed in zebrafish
and the activity of the dopaminergic system (Puttonen
et al. 2013; Tran et al. 2015a). In the current study, we
focused our attention on dopamine D; receptors, the
most abundantly expressed dopamine receptors in the
zebrafish brain (Li et al. 2007), which have a stimula-
tory effect on locomotor activity when activated (Irons
et al. 2013) and an inhibitory effect when blocked (Tran et al.
2015b; Irons et al. 2013). We hypothesized that ethanol’s
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Fig. 5 Mean+SEM is shown for levels of serotonin (a) and of 5-HIAA (b) quantified from brain tissue of fish that were exposed first to either system
water or 1 mg/L of SCH-23390 and subsequently to one of four different concentrations of ethanol (0, 0.25, 0.5, 1.0 % v/v) (n=9-10 per group)
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locomotor stimulant effect may have been, at least partially,
mediated by activation of dopamine D, receptors.

Our current results do not support this hypothesis, at least
not for the swim path parameters quantified. We found that
acute ethanol treatment increased locomotor activity (total
distance swum) of zebrafish in a time-dependent manner es-
pecially in the highest concentration (1 % ethanol) group.
Although we found pre-treatment with SCH-23390, a selec-
tive D, receptor antagonist, to apparently attenuate locomotor
activity, this effect was independent of the changes induced by
ethanol. We therefore conclude that the concentration- and
time-dependent ethanol-induced changes in locomotor activi-
ty were mediated by neurobiological mechanisms other than
D;-R-associated processes.

The result suggesting D,-R-independent ethanol-induced
hyperactivity in the zebrafish is noteworthy considering the
mixed evidence regarding dopamine D; receptors in rodent
studies. For example, exposure to SCH-23390 has been
shown to reduce the locomotor activating effects of ethanol
in mice (Shen et al. 1995; Le et al. 1997) and pre-weanling rats
(Arias et al. 2010). However, others have failed to replicate
these findings (Koechling et al. 1990). Interestingly,
Koechling and Amit (1993) demonstrated that SCH-23390
could block ethanol-induced locomotor activation only if mice
were first habituated to the testing procedure, suggesting an
interaction between ethanol, stress, and dopamine D, recep-
tors. Unlike dopamine D, receptors, there is more evidence
implicating dopamine D, receptors in mediating alcohol-
induced locomotor activity. In mice, exposure to a D, receptor
antagonist has been shown to block alcohol-induced locomo-
tor activation (Koechling et al. 1990; Shen et al. 1995).
Whether D, or other dopamine receptors underlie ethanol’s
effects in zebrafish, will be ascertained in future studies which
will characterize psychopharmacological properties of a num-
ber of mammalian drugs in zebrafish. Given the high amino
acid sequence homologies found between zebrafish and mam-
malian proteins and given that compounds developed for
mammalian systems are often found efficacious in the
zebrafish too (Kalueff et al., 2014), such future
physchopharmacological analyses are likely to be successful.
Nevertheless, given that detailed absorption, distribution, me-
tabolism, and excretion (ADME) data are largely absent for
such drugs for the zebrafish, such analyses will require sub-
stantial pilot work.

Despite the unclear role of dopamine D, receptors, it is
notable that stimulatory doses of ethanol have been shown
to increase the release of dopamine in the nucleus accumbens
in mice and rats (Yim et al. 2000; Yim and Gonzales 2000;
Yavich and Tiithonen 2000). Similar to mammalian studies, in
the current study, we found an ethanol-concentration-
dependent increase of the levels of dopamine and DOPAC in
the brain of zebrafish following a 30-min acute exposure to
this substance. The increased level of dopamine is consistent

with previous reports demonstrating increased tyrosine hy-
droxylase activity induced by acute ethanol exposure
(Chatterjee et al. 2014) and increased expression level of
mRNA for tyrosine hydroxylase as early as 10 min after eth-
anol exposure (Puttonen et al. 2013). The elevated level of
DOPAC suggests enhanced release of dopamine and subse-
quent breakdown upon reuptake following acute ethanol ex-
posure. It is important to note that although the D;-R antago-
nist did reduce the amount of dopamine and DOPAC, the
ethanol-concentration-dependent increases in the levels of the-
se neurochemicals were independent of this effect. We there-
fore conclude that although general locomotor activity may be
mediated by D;-R-related mechanisms, the effect of ethanol
on the overall activity of the dopaminergic system is not mod-
ified by antagonism of D;-R, the most abundant dopamine
receptor in the zebrafish brain. It is also notable that while
the total distance swum showed a stepwise ethanol dose re-
sponse curve, dopamine and DOPAC responses demonstrated
an almost perfect linear dose response relationship. Based
upon these results, we argue that non-D;-R dopaminergic
mechanisms may explain ethanol’s locomotor stimulant ef-
fects, and other non-dopaminergic mechanisms may also con-
tribute to the observed behavioral changes.

Currently, it is unclear whether the increase in dopaminer-
gic activity observed 30 min after the start of ethanol exposure
is a direct or indirect effect of acute ethanol exposure. For
example, depletion of dopamine from vesicular stores follow-
ing release and subsequent breakdown could induce positive
feedback leading to increased dopamine synthesis (Puttonen
et al. 2013). However, ethanol could also act on different
molecular targets (e.g., kinases) and induce tyrosine hydrox-
ylase phosphorylation to increase the total levels of dopamine
and DOPAC (Dunkley et al. 2004; Fujisawa and Okuno
2005). Similar pathways have been identified in zebrafish.
For example, the locomotor stimulant effect of ethanol in
zebrafish larvae has been shown to be dependent on activation
of adenylyl cyclase and extracellular-signal-regulated kinase
(ERK) phosphorylation (Peng et al. 2009).

Exposure to the D; receptor antagonist (SCH-23390) de-
creased levels of dopamine and DOPAC in the zebrafish brain,
a finding in line with previous studies (Scerbina et al. 2012).
Several potential mechanisms may be responsible for the ob-
served decrease in dopaminergic neurochemicals. For exam-
ple, competitive antagonism of D; receptors could elevate the
concentration of dopamine in the synaptic cleft leading to
increased reuptake and also leakage to extrasynaptic areas.
Increased availability of extra-synaptic dopamine would acti-
vate dopaminergic autoreceptors on the pre-synaptic neuron
leading to inhibition of dopamine synthesis (Tissari and
Lillgals 1993). Furthermore, increased reuptake of dopamine
would lead to end product catecholamine inhibition of tyro-
sine hydroxylase via negative feedback inhibition in the pre-
synaptic neuron (Dunkley et al. 2004; Fujisawa and Okuno
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2005). However, post-synaptic mechanisms downstream of
dopamine D; receptors could also be responsible for the de-
crease of levels of dopaminergic neurochemicals (Dunkley
et al. 2004). Whether the decrease in dopaminergic activity
induced by D;-R antagonism is the result of mechanisms up-
stream and/or downstream of dopamine D, receptors will be
ascertained by future studies.

v-Aminobutyric acid type A (GABA,) receptors are also
known to be important mediators of ethanol’s effects (Davies
2003). In addition, the GABAergic and dopaminergic neuro-
transmitter systems interact. For example, administration of a
GABA, receptor agonist in the ventral tegmental area in-
creases dopamine levels (Kalivas et al. 1990). A number of
studies suggest that ethanol may increase dopamine levels in
the brain through an indirect manner, one of which could be
through the GABAergic system (Cowen and Lawrence 1999),
a possibility that will be examined in the future in zebrafish.

Interestingly, although D, receptor antagonism significant-
ly reduced both locomotor activity and the levels of neuro-
chemicals of the dopaminergic neurotransmitter system tested
here, we found almost no effect of this drug on behavioral
measures associated with fear and/or anxiety. On the other
hand, previous studies have shown that ethanol induces an
inverted U-shape dose response with anxiolytic-like behaviors
at low doses and anxiogenic-like behaviors at higher doses in
zebrafish (Egan et al. 2009; Echevarria et al. 2011; Rosemberg
etal. 2012; Mathur and Guo 2011; Tran and Gerlai 2013). The
behavioral effects observed at high ethanol doses in our cur-
rent study are unlikely to be due to sedation since we found
increased locomotor activity in response to this dose.
Furthermore, in the past, increased whole-body cortisol levels
were found in response to this ethanol dose, which suggests
elevated anxiety/stress induced (Tran et al. 2015a). Angular
velocity (a measure of erratic movement) and the variability of
distance to bottom (a measure of vertical exploration) have
been argued to be good measures of fear and/or anxiety in
zebrafish (Gerlai et al. 2009b; Tran et al. 2015a; Nowicki
et al. 2014). In line with previous studies (Rosemberg et al.
2012; Tran et al. 201 5a), here we report that zebrafish exposed
to ethanol exhibited significant alterations in variance of dis-
tance to bottom and absolute angular velocity with both be-
haviors showing dose-dependent changes in response to eth-
anol. Notably, the employed D;-R antagonist did not alter the
effect of ethanol on these behavioral responses, and the etha-
nol dose response curves obtained for dopamine and DOPAC
(linear) were also different from the inverted U-shaped dose
response curves obtained for these two behavioral measures.
Considering the lack of D-R-antagonist-induced changes on
anxiety-like behavioral responses, as well as the ethanol dose
response curves found for these behavioral measures versus
those obtained for the dopaminergic neurochemicals, we ar-
gue that the anxiolytic and anxiogenic effects of ethanol are
likely to be mediated by non-dopaminergic processes.
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Another noteworthy finding of the current study is the sig-
nificant ethanol-concentration-dependent increase of the
levels of serotonin and 5-HIAA in the brain of zebrafish as
well as the attenuation or abolishment of this concentration-
dependent ethanol effect by pre-treatment with the D;-R an-
tagonist. The increase in serotonergic activity following acute
exposure to ethanol is in line with previous zebrafish
(Chatterjee et al. 2014; Tran et al. 2015a) as well as rodent
studies showing increases in extracellular levels of serotonin
in response to this substance (Yan 1999; McBride et al. 1993).
Furthermore, in response to acute SCH-23390 exposure, we
found a decrease in the activity of the serotonergic system
similarly to findings published previously (Scerbina et al.
2012). Notably, although SCH-23390 is a selective D, recep-
tor antagonist, in vitro, it has been found to exhibit significant
affinity for 5-HT; ¢ (Briggs et al. 1991) and 5-HT, receptors
(Millan et al. 2001) acting as an agonist for these serotonin
receptors. However, in vivo, the concentrations required to
activate these receptors are greater than 10-fold higher than
those required to induce a D;-R-mediated response (Bourne
2001). Given that we may expect approximately 1/1000th of
the external drug concentration of the water bath to enter the
zebrafish brain (Sackerman et al. 2010), SCH-23390 at the
concentration employed here is more likely to exclusively
act through D;-R receptors, although we cannot completely
exclude the possibility of this drug exerting direct effects on
serotonergic neurotransmission via 5-HT;c and 5-HT,¢ re-
ceptor activation. Notably, acute exposure to 5-HT;g and 5-
HT, A agonists has been shown to reduce brain serotonin syn-
thesis in rats (Hasegawa et al. 2005; 2012). Alternatively, the
D;-R antagonist treatment may have modulated serotonergic
tone by inhibiting the D; dopaminergic receptors of the post-
synaptic terminal of neurons with presynaptic serotonergic
terminals. Furthermore, although uncommon, dopamine re-
ceptors have been reported on presynaptic terminals of sero-
tonergic synapses modulating serotonin release in the
substantia nigra of the rat (Benkirane et al. 1987), and SCH-
23390 could act through such receptors and influence seroto-
ninergic responses in the zebrafish brain as well.

In addition to the inhibitory effects of SCH-23390 on the
serotonergic system, our results also demonstrated that this
D;-R antagonist significantly altered ethanol-induced seroto-
nergic responses, i.e., we found a D;-R antagonist x ethanol
concentration interaction. Ethanol-induced increases in extra-
cellular levels of serotonin in mammals have been partially
attributed to inhibition of serotonin reuptake (Daws et al.
2006; Boyce-Rustay et al. 2006). Blockade of dopamine D,
receptors in the current study may have interfered with etha-
nol’s inhibitory actions on serotonin reuptake. For example,
exposure to SCH-23390 has been shown to attenuate drug-
induced inhibition of serotonin reuptake by locomotor stimu-
lants such as methamphetamine (Haughey et al. 2000).
Characterization of the role of the serotoninergic system will
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require detailed psychopharmacological and ADME studies
using existing and perhaps novel serotonin-receptor-specific
compounds.

In conclusion, our results reveal dissociation between eth-
anol’s anxiety modulating and locomotor stimulant effects.
They also demonstrate the role of D -R-mediated and other
dopaminergic and serotonergic mechanisms in these process-
es, results that delineate the complex nature of ethanol’s ac-
tions in the brain of zebrafish. These findings raise numerous
questions as to the specific mechanisms underlying the dopa-
minergic and serotoninergic systems and their role in ethanol-
induced functional changes in the brain of the zebrafish. They
uncover the limitation of our currently existing knowledge but
also demonstrate excellent future opportunities for and the
utility of the zebrafish in this research area.
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