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Embryonic ethanol exposure 
and optogenetic activation 
of hypocretin neurons stimulate 
similar behaviors early in life 
associated with later alcohol 
consumption
Adam D. Collier , Nushrat Yasmin , Olga Karatayev , Abdul R. Abdulai , Boyi Yu , Milisia Fam , 
Samantha Campbell  & Sarah F. Leibowitz *

The initiation of alcohol use early in life is one of the strongest predictors of developing a future 
alcohol use disorder. Clinical studies have identified specific behaviors during early childhood that 
predict an increased risk for excess alcohol consumption later in life. These behaviors, including 
increased hyperactivity, anxiety, novelty-seeking, exploratory behavior, impulsivity, and alcohol-
seeking, are similarly stimulated in children and adolescent offspring of mothers who drink alcohol 
during pregnancy. Here we tested larval zebrafish in addition to young pre-weanling rats and found 
this repertoire of early behaviors along with the overconsumption of alcohol during adolescence to 
be increased by embryonic ethanol exposure. With hypocretin/orexin (Hcrt) neurons known to be 
stimulated by ethanol and involved in mediating these alcohol-related behaviors, we tested their 
function in larval zebrafish and found optogenetic activation of Hcrt neurons to stimulate these 
same early alcohol-related behaviors and later alcohol intake, suggesting that these neurons have an 
important role in producing these behaviors. Together, these results show zebrafish to be an especially 
useful animal model for investigating the diverse neuronal systems mediating behavioral changes 
at young ages that are produced by embryonic ethanol exposure and predict an increased risk for 
developing alcohol use disorder.

Early age of initiating alcohol use is one of the strongest predictors of a lifetime diagnosis of alcohol use disorder 
and a more severe, chronic course of use during adolescence1,2. Clinical studies have identified specific behaviors 
during early childhood that predict an increased risk for excess alcohol consumption during adolescence when 
the initiation and escalation of alcohol consumption often occur3. These early behaviors include hyperactiv-
ity and increased anxiety, novelty-seeking, risk taking/exploratory behavior, impulsivity, and alcohol-seeking, 
and they are associated with a later increase in alcohol consumption4–7. Notably, these same behaviors are also 
stimulated in adolescent offspring of mothers who consume alcohol during pregnancy8–13, and they are even 
detected early in children 9–10 years of age and, along with an increased sipping of 5% alcohol, are predictive 
of later alcohol use14,15.

Of particular interest is that these specific behaviors induced by early ethanol exposure and positively associ-
ated with later alcohol consumption are conserved across multiple species, from humans to rodents to zebrafish. 
Similar to clinical evidence, studies in pubertal or adult rodents prenatally exposed to ethanol have observed an 
increase in locomotor activity, anxiety, novelty-seeking, exploratory behavior, impulsivity, and alcohol-seeking, 
together with greater alcohol intake16–20. Also, in zebrafish, reports from this laboratory21–23 have shown that 
maternal consumption of ethanol increases locomotor activity and anxiety-like behaviors in adults as well as 
larval offspring, and other studies from this22,24,25 and other26,27 labs demonstrate that these behaviors are similarly 
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stimulated by embryonic exposure to ethanol in the water at low-moderate concentrations, along with a later 
increase in voluntary consumption of alcohol.

There are a number of neurotransmitters and neuropeptides that mediate various behaviors associated with 
alcohol use disorder, including dopamine, γ-aminobutyric acid and melanin-concentrating hormone28–30. 
The hypocretin/orexin (Hcrt) peptide system in the hypothalamus, largely due to its widespread neuronal 
projections31,32 and neurochemical and genetic heterogeneity33,34, is well known to control numerous aspects 
of alcohol use disorder across multiple species35,36, including the different behaviors stimulated by embryonic 
ethanol exposure and associated with excess drug use37,38. Clinical studies have shown Hcrt levels in the cerebral 
spinal fluid to be positively related to anxiety39 and the blockade of Hcrt receptors to be effective in reducing 
anxiety symptoms associated with the use of and withdrawal from alcohol40,41 and in decreasing anxiety, panic 
and eating disorders35. In rodents, Hcrt increases the consumption of alcohol when centrally administered42, 
while blockade of Hcrt receptors or knockdown of Hcrt projections decreases alcohol drinking and alcohol-
seeking behavior during dependence36. Also, prenatal ethanol exposure stimulates the proliferation, density 
and expression of Hcrt neurons43,44, and Hcrt is positively related to an increase in locomotor activity, arousal 
and anxiety45,46, with pharmacological and optogenetic studies also suggesting a role for Hcrt in impulsive 
behaviors47. Similarly, in zebrafish, embryonic exposure to ethanol increases the proliferation and density of Hcrt 
neurons, and these stimulatory effects on Hcrt neurons are accompanied by and positively correlated with an 
ethanol-induced increase in locomotor activity and anxiety-like behaviors along with an increase in voluntary 
consumption of ethanol-gelatin24,37.

With alcohol drinking in pregnant women on the rise over the past decade48, it becomes increasingly impor-
tant to establish strong animal models that allow one to systematically investigate, using different techniques 
such as optogenetics, chemogenetics and laser ablation, the diverse neuronal mechanisms which are involved 
in controlling the repertoire of behaviors induced by embryonic ethanol exposure that predict susceptibility to 
develop alcohol use disorder. With the goal of developing such a model, we focused here on zebrafish, which 
exhibit sophisticated behaviors early in development that can be rapidly and efficiently studied using automated 
tracking software and are particularly useful for neurodevelopmental studies involving live imaging and other 
techniques difficult to perform in rodents49. Our first goal was to test at a young age, in larval zebrafish as well 
as pre-weanling rats for comparison, the effects of embryonic exposure to ethanol on the repertoire of early 
behaviors that are predictive of excess alcohol consumption, using a relatively low concentration of ethanol that 
does not produce physical dysmorphologies often reported at higher concentrations and thus provides a model 
of the highly prevalent alcohol-related neurodevelopmental disorder50,51. Building on evidence that embryonic 
ethanol exposure stimulates Hcrt neurons in the hypothalamus, our next goal was to use optogenetics in larval 
zebrafish to determine if the stimulation of Hcrt neurons has similar effects to those induced by embryonic 
ethanol exposure. In addition to suggesting the involvement of Hcrt in ethanol’s effects on these early behaviors, 
positive results would provide strong evidence supporting the use of zebrafish for investigating the different neu-
ronal mechanisms mediating the behavioral changes induced by embryonic ethanol exposure that are predictive 
of later disturbances in behavior.

Materials and methods
Animals and housing
Adult female and male Sprague–Dawley rats, obtained from Charles River Breeding Laboratories, were main-
tained under standard lighting conditions (22 °C, 12:12-h light–dark cycle, with lights off at 8 am), with food 
(LabDiet Rodent Chow 5001) and filtered water available ad libitum. The breeding of rats was performed to 
strictly control the prenatal environment, and all timed pregnant rats were subsequently housed individually, 
weight matched, and randomly assigned to the experimental or control group. The sex of the offspring after birth 
was determined through visual inspection of the genital papilla and ano-genital distance as described52, allow-
ing us to identify and test only the female offspring which are found to exhibit stronger behavioral changes after 
embryonic ethanol exposure than males53. In all experiments, 1 female rat offspring was used from each litter. 
The zebrafish examined in this report were the wildtype AB strain zebrafish and also the transgenic Hcrt:ChR2-
EYFP54 zebrafish. Adult zebrafish were group-housed in 3 L tanks (Aquatic Habitat, Apopka, FL) with recirculat-
ing water flow at a temperature between 28 and 29 °C and a pH between 6.9 and 7.4, as previously described55. 
Adult zebrafish were fed once in the morning and once in the afternoon with live brine shrimp. Larval zebrafish 
were fed once in the morning with AP Zeigler diet according to their age. All the breeding and raising of ani-
mals for this study occurred within an AAALAC accredited facility using protocols approved by the Rockefeller 
University Institutional Animal Care and Use Committee and guidance of the NIH Guide for the Care and Use 
of Laboratory Animals. Also, this study was carried out in compliance with the ARRIVE guidelines.

Embryonic ethanol treatment in rats and zebrafish
Pregnant rats were intraorally administered, from E10-E15 when Hcrt neurons develop in the hypothalamus56, 
with ethanol (30% v/v) at a low-moderate dose (2 g/kg/day) or a control solution of maltose-dextrin made 
isocaloric to the ethanol solution (control group), as previously described44. The daily dose of ethanol was split 
in half with all rats gavaged twice daily, with the first gavage occurring 2 h after start of the dark cycle and the 
second gavage occurring 7 h later. As reported in our previous publications, examination of the ethanol-exposed 
and control rats in this study revealed no differences in measures of the dams’ chow intake and body weight 
and of the size and body weight of their litters, with no spontaneous abortions. Also, with our prior studies of 
untreated groups repeatedly showing no differences from the control offspring, these untreated controls were 
not tested in the present study. Embryonic exposure of zebrafish to ethanol was performed, as described in our 
previous reports10,27. Briefly, zebrafish embryos, which were confirmed visually by multiple investigators using 
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a developmental staging reference57 to be at the 26-somite stage at approximately 22 h post-fertilization (hpf), 
were removed from an incubator and placed in a solution of either 0.0% (control) or 0.5% (vol/vol %) ethanol 
for 2 h, a time period when the zebrafish hypothalamus and Hcrt neurons are just beginning to develop55,58. They 
were then washed in fresh embryo medium and returned to the incubator.

Rat behavioral testing
A total of 4 separate groups of rats were tested for behavior, with behavioral testing conducted in a sound- and 
light-attenuated room (< 5 lx) starting 1 h into the dark cycle and different groups of animals used for each 
behavioral test. First, as previously described59, one group of rats was tested for 10 min at 15 days of age in a novel 
activity test chamber (43.2 cm × 43.2 cm) (Med Associates, Inc., St. Albans, VT, USA) to automatically measure 
locomotor activity as distance traveled (cm), thigmotaxis as an anxiety-like behavior and measured by distance 
traveled (cm) in the perimeter and number of entries to the perimeter, and exploratory behavior as number of 
rears and time (s) spent rearing. The perimeter was defined as a zone 5 cm from the edge of the activity chamber. 
In a second group of 15-day-old rats as previously described60, anxiety-like behavior was additionally evalu-
ated within the light–dark preference test by inserting a dark box insert (21.6 cm × 43.2 cm) (Med Associates, 
Inc., St. Albans, VT, USA) into one half of the activity chamber and measuring time spent in the light zone of 
the environment, with reduced time in the light zone indicative of increased anxiety60. Then, in a third group 
of rats at 12 days of age when they are mobile and their eyes are still closed, we tested as previously described61 
alcohol-seeking by measuring ethanol odor-induced locomotor activity in control and ethanol-exposed rats. 
Briefly, individual rats were first placed at one end of a black plexiglass runway (10 × 60 cm) covered in micro-
fiber cloth that was placed atop a heating pad. A ruler was placed along the side of the runway, and the distance 
traveled (cm) during a 2 min period was manually scored. A cotton ball was moistened with either filtered water 
or filtered water containing 6% ethanol, and it was held immediately in front the rat’s snout for the full 2 min 
they were in the runway. If the rat moved down the runway, the investigator held the cotton ball in front of each 
rat’s snout without interfering with the rat’s behavior or making physical contact, and if the rat reached the end 
of the runway before the end of the 2 min period, the testing for that subject was completed. Finally, to measure 
their alcohol consumption during adolescence, a fourth group of female rats at 35 days of age were trained to 
voluntarily drink ethanol for 3 weeks using the 20% intermittent-access paradigm, as previously described43,53, 
and their 24 h intake of alcohol along with body weight was recorded three times weekly and averaged across 
the 3 week period, with intake expressed as g of ethanol consumed per kg of body weight.

Zebrafish behavioral testing
All zebrafish behavioral testing occurred within a DanioVision chamber (Noldus, Wageningen, Netherlands), 
and activity was tracked by Noldus Ethovision XT 16 software, with environmental zones defined within the 
software. Different groups of zebrafish were used for each behavioral test, and all behaviors were tested start-
ing 1 h into the light cycle before their regular feeding, to eliminate any stress possibly caused by the process 
of removing remnants of the food after feeding and any interference the food particles might cause with video 
tracking of the zebrafish. Control and ethanol-exposed AB larval zebrafish at 6 days post-fertilization (dpf) were 
individually transferred from their home tanks into a standard, 12-well culture plate containing fresh embryo 
media and immediately placed into the chamber where the different behaviors were tested. Control and ethanol-
exposed zebrafish were evenly distributed within each behavioral testing plate. Locomotor activity was assessed 
in the first group by measuring distance traveled (cm) during a 20 min free swimming test. To assess anxiety-like 
behavior, thigmotaxis in this group was evaluated by measuring both the percent of time spent in the perimeter 
zone (defined as a zone 0.75 cm from the edge of each well) and the number of entries into the perimeter zone36, 
two measures together that enable us to rule out the possibility that alterations in thigmotaxis behavior are due 
solely to changes in locomotor activity or immobility. A third measure of anxiety, the absolute turn angle of 
each zebrafish, was also recorded to further understand the state of their anxiety62. Motor impulsivity was then 
measured as described63, by evaluating the number of swimming “peaks” defined as events when the fish traveled 
more than 0.5 cm in less than 12 s and by the distance traveled (cm) during each of these peaks. A second group 
of larval zebrafish was placed into individual wells of a new 12-well plate for a 20 min light–dark preference test, 
as measured by the percent of time spent in the light zone and entries into the light zone, with increased time 
and entries into the light indicative of increased anxiety-like behavior in larval zebrafish37. Exploratory behavior 
was next evaluated in a third group for 20 min as previously described64, by placing the larval zebrafish into a 
12-well plate containing two 6-well environments that had channels between each of the 6 wells, allowing for 
free movement between each well, and was measured as the number of transitions between wells. Zebrafish were 
placed in the bottom middle well of each 6-well environment to measure exploratory behavior. Novelty-seeking 
behavior was examined in a fourth group for 20 min similar to that previously described65,66, by placing a novel 
object consisting of a 4 cm in diameter green colored piece of a plastic pipette tip into one side of the well of a 
6-well plate with the object zone defined as a distance of 4 cm away from the object, and it was measured by the 
percent of time spent within the novel object zone and the number of entries into the novel object zone. Next, 
we evaluated alcohol-seeking behavior in a fifth group in a manner similar to novelty-seeking behavior, by 
placing in a 6 well plate a 75 μL sample of liquified plain gelatin mixed with 0.01 g of zebrafish AP 100 diet < 50 
μM (Zeigler Bros, Gardners, PA, USA) (control-gelatin) at one end of each well and a 75 μL sample of liquified 
plain gelatin containing 1% ethanol as well as 0.01 g of zebrafish AP 100 diet < 50 μM (ethanol-gelatin) at the 
opposite end of the well, with the location of these samples alternated between the top and bottom sides of each 
well. Individual zebrafish were then added to each well and allowed to explore for 20 min, with alcohol-seeking 
measured as the percent time spent in and the number of entries into the ethanol-gelatin versus control-gelatin 
zones and preliminary tests showing control fish to spend a similar amount of time in each zone. Following 
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behavioral testing, the fish were returned to their home tanks and given their daily feeding. Lastly, the consump-
tion of alcohol in juvenile zebrafish was evaluated in a sixth group as previously described in adult zebrafish21,22, 
by manually quantifying the number of bites taken of a cube of either plain gelatin mixed with brine shrimp 
(control-gelatin) or plain gelatin mixed with brine shrimp and 1% ethanol (ethanol-gelatin). The zebrafish were 
first trained to consume control-gelatin from 24 to 29 dpf once per day and then fed either a cube of control- or 
ethanol-gelatin once at 30 dpf, and the number of bites were measured over a period of 15 min. Zebrafish were 
fed no food from 24 to 30 dpf other than the gelatin mixtures.

Optogenetic activation of Hcrt neurons
To optogenetically activate Hcrt neurons in Hcrt:ChR2-EYFP54 zebrafish, we used an array of 6 blue and red LED 
lights (627 nm, MR-D0040-10S and 470 nm, MR-B0040-10S, respectively, Luxeon V-star, Brantford, Canada) 
mounted 18 cm above the well plates within the DanioVision chamber, with each color being applied at the same 
intensity and providing equal illumination across the well plate, as previously described54. Briefly, as has been 
described54, this Hcrt:ChR2-EYFP transgenic line was generated in which the hcrt promotor67 drives expression of 
channelrhodopsin-2 that is fused to EYFP, and thus ChR2 activates Hcrt neurons when exposed to the blue light 
but not the red light. Zebrafish were placed into their respective wells, and either red lights or blue lights were 
manually turned on for a period of 20 min during behavioral testing in larval zebrafish, for locomotor activity, 
anxiety-like behaviors, exploration, impulsivity, novelty-seeking, and alcohol-seeking, and for voluntary alcohol 
intake in juvenile zebrafish, as described above.

RNAscope in situ hybridization and confocal microscopy
We used the RNAscope Multiplex Fluorescent Reagent Kit v2 (ACD Bio-Techne, catalog # 323100) to detect cfos 
transcripts in 6 dpf Hcrt:ChR2-EYFP54 zebrafish brains 20 min after either red light or blue light illumination 
using the Dr-hcrt (ACD Bio-Techne, catalog #887231-C1) and Dr-fosab-C2 probe (ACD Bio-Techne, catalog 
#446871-C2). The procedure included a combination of the manufacturer’s protocol and those reported in other 
studies68,69. Briefly, isolated brains from previously dehydrated fish were rehydrated in a 75%-50%-25% metha-
nol-0.1% PBST series and fixed for at least 5 h in 4% PFA (in 1% Tween-20) at 4 °C. The samples were rinsed 
3 times with 0.1% PBST and treated with Protease III for 15 min in a 40 °C water bath and washed again with 
0.1% PBST followed by an overnight hybridization with the probe at 40 °C. The brains were then washed and 
post-fixed with 4% PFA for 10 min at room temperature. All subsequent incubations were done at 40 °C, with 
3 × 15 min washes using 0.2 × SSCT between each step. They were then incubated with AMP1 (30 min), AMP2 
(15 min) and AMP3 (30 min) in this order. To develop the Hcrt signal, samples were incubated in RNAscope 
Multiplex FL v2 HRP-C1 for 15 min, stained with Opal 570 (Akoya Biosciences FP1488001KT) in 1:1500 dilution 
in TSA buffer for 30 min, and blocked in the RNAscope Multiplex FL v2 HRP blocker for 15 min. The same steps 
were followed to develop cfos signal using the Opal 690 dye (Akoya Biosciences FP1497001KT) and RNAscope 
Multiplex FL v2 HRP-C2. Finally, the samples were incubated for 30 min at 4 °C in DAPI (1:200) diluted in 0.2% 
PBST, washed 3 × 5 min with PBS, and stored at 4 °C in fresh PBS until imaging. The RNAscope brain samples 
were imaged, beginning from the dorsal side of the brain, with a 40× objective lens on an inverted Zeiss LSM 
780 laser scanning confocal microscope with a z step of 1.0 μm, and they were then visualized in Imaris 9.9.1 
software. Five brains were imaged per condition.

Statistical analyses
Data derived from the rat behavioral tests, for locomotor activity, thigmotaxis, light–dark preference, exploration, 
and alcohol-seeking in pre-weanling rats and for alcohol intake in adolescent rats, were analyzed by unpaired 
t tests with the Holm-Sidak multiple comparisons correction as necessary. Data derived from the zebrafish 
behavioral tests, for locomotor activity, thigmotaxis, light–dark preference, exploration, impulsivity, novelty-
seeking and alcohol-seeking in larval zebrafish and for alcohol intake in juvenile zebrafish, were also analyzed 
by unpaired t tests with the Holm-Sidak multiple comparisons correction as necessary. Sample sizes for all rat 
behavioral tests ranged from n = 4–10, and sample sizes for the zebrafish locomotor and anxiety behavioral tests 
ranged from n = 50–80 and sample sizes for zebrafish exploration, impulsivity, novelty-seeking, alcohol-seeking 
and alcohol intake ranged from n = 10–40. Data were excluded from any zebrafish (~ 10% of the group) that 
remained entirely immobile throughout the duration of the behavioral test. All tests were two-tailed, and sig-
nificance was determined at p < 0.05. All data were analyzed using Prism (version 9, GraphPad, San Diego, CA) 
and are presented as mean ± SEM in the figures.

Results
Embryonic ethanol exposure stimulates early behaviors in pre-weanling rats and a later increase in alcohol 
consumption.

We first tested in pre-weanling rats the effect of embryonic exposure to ethanol at a low-moderate concentra-
tion (2 g/kg/day, from E10 to E15) on early behaviors that are associated with increased alcohol consumption 
later in life. In the first group of 15-day-old rats, we found that ethanol compared to control increased locomotor 
activity as measured by distance traveled (t(17) = 2.16, p = 0.046) (Fig. 1a) and increased anxiety-like behaviors 
as measured by a greater distance traveled in the perimeter of the activity chamber (t(16) = 2.63, p = 0.019) and 
number of entries into the perimeter (t(16) = 2.45, p = 0.025), as illustrated in the representative activity traces 
(Fig. 1b). In a second group of rats, ethanol compared to control in a light–dark preference test decreased the 
amount of time spent in the light zone (t(10) = 2.58, p = 0.027), a result also indicative of increased anxiety 
(Fig. 1c). Exploration was also tested in the first group of 15-day-old rats and was examined by measuring rear-
ing behavior, and the results showed that ethanol increased both the number of rears (t(8) = 4.41, p = 0.002) and 
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the time spent rearing (t(8) = 4.24, p = 0.002), indicating an increase in exploratory behavior (Fig. 1d). Alcohol-
seeking behavior was tested in a third group of rats at 12 days of age, by measuring the distance traveled down the 
runway after presentation of a cotton ball moistened with either water or 6% ethanol, and this test showed that the 
ethanol-exposed compared to control rats presented the ethanol-moistened cotton traveled a significantly greater 
distance toward the cotton ball (t(17) = 3.9, p = 0.001), while the ethanol-exposed and control rats presented the 
water-moistened cotton showed no difference in their distance traveled (t(17) = 2.04, p = 0.057) (Fig. 1e). For the 
final experiment, we used a two-bottle choice test to examine a group of adolescent rats at 35 days of age for their 
voluntary intake of alcohol and found that the ethanol-exposed rats consumed more alcohol than the control rats 
(t(6) = 2.87, p = 0.028) (Fig. 1f). These results demonstrate that embryonic ethanol exposure at a low-moderate 
concentration causes a variety of behavioral disturbances in the rat that are evident early in development and 
are associated with a later increase in alcohol intake during adolescence.

Embryonic ethanol exposure stimulates early behaviors in larval zebrafish and a later increase in alcohol 
consumption.

Figure 1.   Effects of embryonic ethanol exposure (2 g/kg/day, from E10–E15) compared to control on alcohol-
related behaviors, including locomotor activity, anxiety, exploration and alcohol-seeking in pre-weanling female 
rats and voluntary consumption of alcohol in adolescent female rats. (a) Bar graph shows that embryonic 
ethanol exposure compared to control increases locomotor activity in an activity chamber in 15-day-old 
rats, as indicated by increased distance traveled (cm) during a 10-min test. (b) Bar graphs show that ethanol 
exposure compared to control increases thigmotaxis in 15-day-old rats, an anxiety-like behavior measured by 
increased distance traveled in the perimeter (cm) and number of entries into the perimeter within an activity 
chamber during a 10-min test. Representative activity traces shown in red illustrate the activity of a control and 
ethanol-exposed rat during the locomotor and thigmotaxis tests. (c) Bar graph shows that embryonic ethanol 
exposure compared to control increases anxiety in 15-day-old rats, as indicated by a decrease in time spent in 
the light zone during a 10-min light–dark preference test. (d) Bar graphs show that embryonic ethanol exposure 
increases exploratory behavior in 15-day-old rats, as indicated by increased number of rears and time spent 
rearing in an activity chamber during a 10-min test. (e) Bar graph shows that embryonic ethanol exposure 
compared to control increases alcohol-seeking behavior in 12-day-old rats, as indicated by an increased distance 
traveled (cm) during a 2-min test down a runway while a cotton ball moistened with 6% ethanol was applied 
directly in front of the rat’s snout but not while a control cotton ball moistened with water was applied. (f) 
Bar graph shows that embryonic ethanol exposure compared to control in 35-day-old rats increases alcohol 
consumption as measured using a 20% intermittent-access paradigm. Results are shown as means ± standard 
errors. *p < 0.05, **p < 0.01.
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We next sought to determine in the AB strain of zebrafish (6 dpf) if embryonic ethanol exposure in the water 
at a low-moderate concentration (0.5% v/v, from 22 to 24 hpf) similarly stimulates alcohol-related behaviors at 
an early age in larvae and increases later alcohol consumption in juvenile zebrafish (30 dpf). Consistent with 
prior work24, we found that ethanol exposure compared to control increased locomotor activity as measured 
by distance traveled (t(155) = 6.24, p < 0.0001) (Fig. 2a) and also increased anxiety-like behaviors as measured 
by a greater percent time spent in the perimeter (t(155) = 5.99, p < 0.0001) and more entries into the perimeter 
(t(155) = 3.53, p = 0.0006), as illustrated by representative swim activity traces (Fig. 2b). Anxiety-like behavior 
as measured by absolute turn angle was also significantly increased in ethanol-exposed compared to control 
zebrafish (t(135) = 3.59, p = 0.0005). Similarly, in a separate group in the light–dark preference test, ethanol 
increased the percent time spent in the light zone (t(111) = 2.37, p = 0.019) and the number of entries into the 
light zone (t(111) = 2.125, p = 0.036), also indicative of increased anxiety and illustrated by representative swim 
traces (Fig. 2c).

We next measured the following behaviors, exploration, impulsivity, novelty-seeking and alcohol-seeking in 
separate groups, that have not previously been well tested in larval zebrafish after embryonic ethanol exposure. 
Ethanol increased exploratory behavior (t(20) = 2.44, p = 0.024), as measured by an increased number of transi-
tions into different wells and shown by representative swim traces (Fig. 3a). It also increased motor impulsivity, 
as measured by a greater number of swimming peaks (t(59) = 4.93, p < 0.0001) and greater distance traveled 
during each peak (t(59) = 6.63, p < 0.0001) and illustrated by representative line graphs (Fig. 3b). Novelty-seeking 
behavior was evaluated by measuring the percent time spent in the novel object zone and number of entries into 

Figure 2.   Effects of embryonic ethanol exposure (0.5% v/v, from 22–24 hpf) compared to control on alcohol-
related behaviors, including locomotor activity and anxiety-like behaviors, in larval zebrafish (6 dpf). (a) Bar 
graph shows that embryonic ethanol exposure compared to control increases locomotor activity in an open-
field environment of a 12-well plate, as indicated by increased distance traveled (cm) during a 20-min test. 
(b) Bar graphs show that ethanol compared to control increases thigmotaxis, an anxiety-like behavior, shown 
by an increased percent time spent in the perimeter (cm) and number of entries into the perimeter within an 
open-field environment of a 12-well plate during a 20-min test. Representative activity traces shown in red 
illustrate the activity of a control and ethanol-exposed zebrafish during the locomotor and thigmotaxis tests, 
with the white circular outlines illustrating the perimeter zone. (c) Bar graphs show that embryonic ethanol 
exposure compared to control increases anxiety-like behavior, as indicated by an increased percent time spent in 
and increased number of entries into the light zone during a 20-min light–dark preference test. Representative 
activity traces shown in red illustrate the activity of a control and ethanol-exposed zebrafish during the light–
dark preference test, with the light zone shown on the left half and dark zone shown on the right half of the well. 
Under visible light conditions, the dark zone is black in color. Results are shown as means ± standard errors. 
*p < 0.05, ***p < 0.001, ***p < 0.0001. hpf, hours post fertilization; dpf, days post fertilization.
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the novel object zone, and ethanol exposure was found to increase both the percent time (t(92) = 1.98, p = 0.049) 
and number of entries (t(92) = 2.03, p = 0.045) into the novel object zone, as illustrated by representative swim 
traces (Fig. 3c). Alcohol-seeking behavior was tested by measuring the percent time spent in a zone containing the 
ethanol-gelatin compared to control-gelatin and the number of entries into these zones, and no differences were 
detected between the ethanol and control zebrafish for the measures of percent time (t(67) = 0.41, p = 0.68) and 
entries (t(67) = 1.035, p = 0.30) into the ethanol-gelatin zone, as well as the measures of percent time (t(67) = 0.002, 
p = 0.99) or entries (t(67) = 0.166, p = 0.87) into the control-gelatin zone (Fig. 3d). Lastly, we tested in juvenile 
zebrafish their voluntary intake of alcohol by measuring the number of bites taken of the ethanol-gelatin versus 
the control-gelatin and found that the ethanol-exposed compared to control zebrafish consumed significantly 
more of the ethanol-gelatin (t(14) = 3.15, p = 0.14) but a similar amount of the control-gelatin (t(13) = 0.03, 
p = 0.97) (Fig. 3e). Overall, these results show in larval zebrafish, similar to the pre-weanling rats, that embryonic 
ethanol exposure stimulates a range of behaviors early in development that are positively associated with an 
increase in consumption of alcohol later in life.

Optogenetic activation of Hcrt neurons stimulates cfos and early behaviors in larval zebrafish 
and a later increase in alcohol consumption
With embryonic exposure to ethanol shown to stimulate Hcrt neurons in the hypothalamus along with the 
behavioral changes24,37, we next wanted to determine if optogenetic activation of Hcrt neurons in Hcrt:ChR2-
EYFP54 transgenic zebrafish produces effects similar to embryonic ethanol exposure on early behaviors and 
subsequent alcohol consumption. Our first objective was to confirm in larval zebrafish (6 dpf), by performing 
RNAscope staining for cfos and examining its colocalization with Hcrt neurons, that exposure to the blue light 
as described in the “Materials and methods” does in fact activate Hcrt neurons more than the red light. We found 
that the blue light exposure produced a notable increase in cfos transcripts within the Hcrt neurons relative to 
the control red light exposure, with approximately 75% of Hcrt expressing cfos in zebrafish exposed to blue light 
and 25% in zebrafish exposed to red light. This is illustrated in representative photomicrographs and single cell 
enlargements of the Hcrt neurons in the hypothalamus of the zebrafish exposed to the red light (Fig. 4a) or the 
blue light (Fig. 4b). This result confirms that blue light administration successfully activates Hcrt neurons in 
contrast to the red light.

Measurements of the different behaviors in larval zebrafish revealed effects of optogenetic activation of the 
Hcrt neurons with the blue light compared to red light (Figs. 5 and 6) that were very similar to those induced 
by embryonic ethanol exposure compared to control (Figs. 2 and 3). Exposure to the blue light versus red 
light increased locomotor activity, as measured by distance traveled (t(139) = 3.37, p = 0.001) (Fig. 5a), and it 
also increased anxiety-like behavior, as shown by a greater percent time spent in the perimeter (t(139) = 2.04, 
p = 0.043) and increased entries into the perimeter (t(139) = 2.07, p = 0.041) and illustrated by representative 
swim paths (Fig. 5b). Exposure to blue light versus red light also increased absolute turn angle (t(46) = 2.69, 
p = 0.009), another measure indicative of increased anxiety-like behavior. In the light–dark preference test, the 
blue light compared to red light, while having no effect on percent time in the light zone (t(97) = 0.009, p = 0.99), 
significantly increased the number of entries into the light zone (t(97) = 2.08, p = 0.039), also indicating an 
increase in anxiety (Fig. 5c).

Blue light compared to red light exposure of the Hcrt neurons similarly stimulated exploratory behavior, as 
measured by an increased number of transitions into different wells (t(18) = 2.3, p = 0.033) and illustrated by 
representative swim paths (Fig. 6a). It also stimulated motor impulsivity, with no difference between the blue and 
red light before they were turned on observed in the number of swim peaks (t(122) = 0.98, p = 0.33) and distance 
traveled during peaks (t(122) = 1.00, p = 0.31) but a significant increase in the blue light compared to red light 
exposure after the lights were turned on observed in both the number of swim peaks (t(122) = 2.67, p = 0.017) and 
distance traveled during the peaks (t(122) = 2.67, p = 0.01), as illustrated by representative line graphs (Fig. 6b). 
Novelty-seeking behavior was also found to be stimulated by optogenetic activation of Hcrt neurons, with blue 
light compared to red light exposure increasing the percent time in the novel object zone (t(65) = 2.38, p = 0.02) 
and number of entries into the novel object zone (t(65) = 2.08, p = 0.042) as illustrated by representative swim 
paths (Fig. 6c). Alcohol-seeking behavior in larvae was also stimulated by Hcrt activation, with the blue light 
compared to red light increasing both the percent time in (t(73) = 2.30, p = 0.047) and number of entries into 
(t(73) = 2.80, p = 0.012) the ethanol-gelatin zone while having no effect on the percent time in (t(73) = 1.53, 
p = 0.129) or number of entries into (t(73) = 1.00, p = 0.319) the control-gelatin zone (Fig. 6d). Lastly, we tested 
voluntary intake of alcohol in juvenile zebrafish by measuring the number of bites taken of either the control-
gelatin or ethanol-gelatin and found that zebrafish exposed to the blue light compared to the red light took more 
bites of the ethanol-gelatin (t(8) = 4.3, p = 0.003) while showing no difference in their number of the bites of the 
control-gelatin (t(8) = 2.09, p = 0.07) (Fig. 6c). Overall, these results show that optogenetic stimulation of Hcrt 
neurons increases a range of behaviors early in life that is comparable to the behavioral disturbances produced 
by embryonic ethanol exposure.

Discussion
Identification of behaviors early in development that can predict susceptibility to developing a future alcohol 
use disorder is critical for identifying individuals that are most vulnerable. In humans at different ages including 
childhood, a repertoire of behaviors such as hyperactivity and increased anxiety, novelty-seeking, exploratory 
behavior, impulsivity, and alcohol-seeking, are shown to be predictive of excess alcohol consumption later in 
life and are also increased in the offspring of mothers that drink alcohol during pregnancy (see “Introduction”). 
The present study provides direct evidence that these same behaviors are stimulated by embryonic ethanol 
exposure at a young age in zebrafish as in rats and are similarly induced in zebrafish by optogenetic activation of 
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Hcrt neurons, a peptide system that is known to stimulate these behaviors and thus may contribute to later life 
vulnerability to overconsumption of alcohol.

Studies in adolescent and adult rodents have positively linked this repertoire of behaviors to a greater propen-
sity to consume excess alcohol70–72 and have also shown these behaviors along with excess alcohol intake to be 
stimulated by prenatal exposure to ethanol16–19,53. Our results here demonstrate these behaviors for the first time 
in pre-weanling rats prenatally exposed to ethanol at a relatively low concentration. These include a significant 
increase at 15 days of age of locomotor activity as reported in older ethanol-exposed prepubertal rodents73, of 
anxiety-like behaviors with measures of thigmotaxis and light avoidance as shown with other measures of anxi-
ety in pre-pubertal mice74, and of exploratory behavior measured by rearing as shown in juvenile mice75. These 
different behaviors in pre-weanling rats are accompanied by an increase in alcohol-seeking behavior detected at 
12 days of age, and they are also followed by an increase in alcohol consumption during adolescence, confirming 
prior studies in adolescent rats53 and consistent with evidence for increased alcohol preference, intake and taste 
reactivity in ethanol-exposed pre-weanling rats76,77. While not measured here, there is one study of impulsivity 
in pre-pubertal rats suggesting that this behavior is also increased by prenatal ethanol exposure73. Together, this 
evidence demonstrates that behaviors described in older rats embryonically exposed to ethanol are similarly 
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detected at an early age in pre-weanling rats and are associated with a later increase in alcohol consumption 
during adolescence.

Our results obtained here in larval zebrafish demonstrate a variety of behaviors induced by embryonic expo-
sure to ethanol in the water at a low-moderate concentration, which are similar to those observed in pre-weanling 
rats and also described in young children (see Introduction). Here we confirm our prior studies showing in larval 
zebrafish that ethanol exposure increases locomotor activity as measured by total distance traveled and also 
anxiety as measured by percent time spent in and number of entries into the perimeter of the open field and the 
light-zone of the light–dark preference test, behaviors associated with an increase in voluntary alcohol intake 
in adults22,24–27,78. Absolute turn angle was also found to be increased by ethanol exposure, a behavior shown 
to increase in response to fear or anxiety-inducing stimuli79. By examining additional behaviors not previously 
tested in zebrafish after ethanol exposure, our results demonstrate further changes including an ethanol-induced 
increase in novelty-seeking, as measured by percent time spent in and number of entries into the zone where the 
novel object is located, and an increase in exploratory behavior, as measured by the number of transitions between 
wells of six different environments. These behaviors in larval zebrafish are consistent with those induced by acute 
ethanol exposure in adult zebrafish, including an increase in novelty-seeking80 and alterations in exploratory 
behavior81. While impulsive behavior has been investigated primarily in adult zebrafish using the 3 and 5 choice 
serial reaction time tests requiring associative learning difficult to achieve in larvae82, we used here a motor 
impulsivity test that has been successfully modeled in larval zebrafish83 and found this behavior to be increased 
by embryonic ethanol exposure. Whereas the alcohol-seeking behavior was not affected by ethanol suggesting 
the ethanol-gelatin may not be rewarding enough for the younger larval zebrafish, an ethanol-induced increase 
in voluntary consumption of the ethanol-gelatin was observed in the older juvenile zebrafish, consistent with our 
prior reports in adult zebrafish22,37. While clinical evidence and rodent studies have indicated that disturbances 
in these early behaviors are predictive of alcohol use disorder, longitudinal studies within the same zebrafish 
and analyses of possible sex differences as previously shown for both zebrafish and rats after sexual maturity 
37,53,84,85 are needed to provide definitive evidence that this early battery of behavioral changes at a young age are 
positively correlated with and possibly causally related to an increase in voluntary alcohol intake at later ages.

In addition to these behaviors, embryonic ethanol exposure in larval zebrafish similar to rats is also shown to 
increase the proliferation, density and expression of Hcrt neurons in the hypothalamus43,44,86, and multiple stud-
ies show these Hcrt neurons to be involved in controlling numerous aspects of alcohol-related behaviors24,36,87. 
This leads us to question if these Hcrt neurons themselves also have a functional role in mediating the early 
ethanol-induced behaviors. Here we provide strong evidence in larval zebrafish suggesting that they do, with 
direct optogenetic stimulation of the Hcrt neurons found to produce the same behaviors induced by embryonic 
ethanol exposure. The only behaviors previously studied in zebrafish with optogenetic activation of Hcrt neurons 
are sleep/wake and locomotion54,88, and our results here confirm the Hcrt-induced increase in locomotor activity 
in larval zebrafish. This is consistent with studies in both rodents and zebrafish showing this behavior to be posi-
tively related to Hcrt neurons23,36 and also to be increased by activation of Hcrt neurons through chemogenetic 
as well as optogenetic stimulation and decreased by the ablation of Hcrt neurons in animals that were24 or were 
not45,54,89 embryonically exposed to ethanol. We further show that anxiety-related behaviors in larval zebrafish, 
specifically absolute turn angle, thigmotaxis and light-preference, are stimulated by optogenetic activation of 
Hcrt neurons. This is a novel finding that agrees with other findings, including our recent report in zebrafish 
showing that ablation of Hcrt neurons blocks anxiety behaviors induced by embryonic ethanol exposure24 and 
evidence in rodents showing that Hcrt injection decreases time spent in the light side of a light–dark test90 and 
chemogenetic and optogenetic stimulation of Hcrt neurons increases anxiety via social interaction45,91.

Figure 3.   Effects of embryonic ethanol exposure (0.5% v/v, from 22 to 24 hpf) compared to control on alcohol-
related behaviors, including exploration, impulsivity, novelty-seeking and alcohol-seeking in 6 dpf zebrafish and 
voluntary intake of ethanol-gelatin in juvenile zebrafish (30 dpf). (a) Bar graph shows that embryonic ethanol 
exposure compared to control increases exploration in a 6-well environment of a 12-well plate, with channels 
between the 6 wells allowing for free movement between the wells, as indicated by an increase in number of 
well transitions during a 20-min test in larval zebrafish. (b) Bar graphs show that ethanol compared to control 
increases motor impulsivity over a 1-min period, shown by an increased number of swimming “peaks” (defined 
as events when the fish traveled more than 0.5 cm in less than 12 s) and increased distance traveled (cm) during 
each of these peaks in larval zebrafish. Representative line graphs illustrate in ethanol-exposed (black line) 
compared to control (green line) zebrafish an increased number of peaks and distance traveled per peak. (c) 
Bar graphs show that embryonic ethanol exposure compared to control increases novelty-seeking behavior in 
larval zebrafish, as indicated by increased percent time spent in and increased number of entries into the novel 
object zone during a 20-min test. Representative activity traces shown in red illustrate the activity of a control 
and ethanol-exposed zebrafish, with the novel-object zone outlined by white at the top of the well surrounding 
the novel-object consisting of a piece of green-color plastic pipette tip. (d) Bar graphs show that embryonic 
ethanol exposure compared to control has no effect on alcohol-seeking behavior in larval zebrafish, as shown 
by no change in percent time spent in and number of entries into the ethanol-gelatin as well as control-gelatin 
zones during the 20-min test. Representative activity traces shown in red illustrate the activity of a control and 
ethanol-exposed zebrafish, with the control-gelatin zone outlined by white and shown at the top of the well of a 
6-well plate and the ethanol-gelatin zone outlined by white and shown at the bottom of the well. (e) Bar graphs 
show that embryonic ethanol exposure compared to control increases alcohol consumption in juvenile zebrafish, 
as shown by increased number of bites taken of the ethanol-gelatin but not of the control-gelatin. Results are 
shown as means ± standard errors. *p < 0.05, ***p < 0.0001. hpf hours post fertilization, dpf days post fertilization.
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Figure 4.   Representative photomicrographs illustrating increased colocalization of transcripts of the immediate 
early gene cfos, a marker of neuronal activation, within hcrt neurons after optogenetic activation with blue light 
exposure in the brains of transgenic Hcrt:ChR2-EYFP54 larval zebrafish (6 dpf) using RNAscope staining. (a) 
Representative confocal photomicrograph (×25) illustrates the 6 dpf zebrafish brain in a dorsal/ventral view 
after 20-min of red-light exposure, a wavelength of light that fails to optogenetically activate Hcrt neurons. 
Brains were counterstained by DAPI (blue) and labeled for hcrt (green) and cfos (magenta), with merged photos 
showing an overlay of each channel and boxes showing single-cell enlargements of DAPI (Box 1), hcrt (Box 2), 
cfos (Box 3), and the merge of each channel (Box 4) showing a weak colocalization between cfos and hcrt. (b) 
Representative confocal photomicrograph (×25) illustrates the 6 dpf zebrafish brain in a dorsal/ventral view after 
30-min of blue-light exposure, a wavelength of light that optogenetically activates Hcrt neurons. Brains were 
counterstained by DAPI (blue) and labeled for hcrt (green) and cfos (magenta), with merged photos showing an 
overlay of each channel and boxes showing single-cell enlargements of DAPI (Box 5), hcrt (Box 6), cfos (Box 7), 
and the merge of each channel (Box 8) showing strong colocalization between cfos and hcrt. Scale bars: low-
magnification, 10 µm, high-magnification, 2 µm. dpf, days post fertilization.
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We also find here the less studied behaviors, novelty-seeking, exploration, and impulsivity, to be increased 
in larval zebrafish by optogenetic stimulation of Hcrt neurons. While little is known about the role of Hcrt neu-
rons in novelty-seeking behavior, there is evidence in methamphetamine-preferring rats for an increase in this 
behavior in association with increased Hcrt receptor expression in the prefrontal cortex92 and also in zebrafish 
showing central injection of Hcrt to increase novelty-induced locomotion21. A relationship of Hcrt to explora-
tory behavior is suggested by evidence in rodents, showing Hcrt neurons to be active during exploration93 and 
exploratory behavior to be blocked by antagonism of Hcrt receptors94. Also, a role for Hcrt in impulsive behavior 
is suggested by rodent studies, showing that optogenetic stimulation of Hcrt increases impulsivity in the Go/
NoGo test and Hcrt antagonism blocks cocaine-induced impulsivity and impulsive responding in a 5-choice serial 
reaction time test47,95,96. While not induced by embryonic ethanol exposure as described above, alcohol-seeking 
behavior in larval zebrafish is significantly increased by optogenetic stimulation of Hcrt neurons, indicating that 
direct activation of Hcrt neurons in contrast to ethanol-induced increase in Hcrt expression has sufficient reward-
ing effects to induce alcohol-seeking behavior at a young age. This positive relationship between Hcrt and both 
early alcohol-seeking in larval zebrafish and subsequent alcohol consumption in juvenile zebrafish agrees with 

Figure 5.   Effects of optogenetic activation of Hcrt neurons on alcohol-related behaviors, including locomotor 
activity and anxiety, in transgenic Hcrt:ChR2-EYFP54 larval zebrafish (6 dpf). (a) Bar graph shows that 
optogenetic activation of Hcrt neurons by blue-light compared to red-light exposure increases locomotor 
activity in an open-field environment of a 12-well plate, as indicated by increased distance traveled (cm) during 
a 20-min test. (b) Bar graphs show that blue-light compared to red-light exposure increases thigmotaxis, an 
anxiety-like behavior, shown by increased percent time spent in the perimeter (cm) and increased number of 
entries into the perimeter of an open-field environment of a 12-well plate during a 20-min test. Representative 
activity traces shown in red illustrate the activity of a red- and blue-light-exposed zebrafish during the 
locomotor and thigmotaxis tests, with the white circular outlines illustrating the perimeter zone. (c) Bar 
graphs show that blue-light compared to red-light exposure, while having no effect on percent time spent in 
the light zone, increases the number of entries to the light zone during a 20-min light–dark preference test. 
Representative activity traces shown in red illustrate the activity of a zebrafish exposed to a red or blue light 
during the light–dark preference test, with the light zone shown on the left half and the dark zone shown on 
the right half of the well. Under visible light conditions, the dark zone is black in color. Results are shown as 
means ± standard errors. *p < 0.05, ***p < 0.001. hpf hours post fertilization, dpf days post fertilization.
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other reports in adult zebrafish, showing central Hcrt injection to increase voluntary intake of ethanol-gelatin21 
and the number of Hcrt neurons to be positively correlated with the number of bites taken of ethanol-gelatin23. 
It is also in agreement with studies in rodents, showing Hcrt neuronal activity to be correlated with the intake 
and preference for alcohol97 and both alcohol-seeking behavior and alcohol intake to be induced by central 
injection of Hcrt87,98,99 and reduced by blockade of Hcrt receptors36,100. Together, our findings here demonstrate 
in larval zebrafish a full repertoire of behaviors, which are induced by optogenetic stimulation of Hcrt neurons 
and similarly by embryonic ethanol exposure that also stimulates endogenous Hcrt, supporting a role for Hcrt 
neurons in mediating these behavioral effects of ethanol.

In summary, our results here provide evidence suggesting that specific behaviors described in children, which 
are predictive of excess alcohol consumption later in life and are induced in the offspring by maternal drinking 
of alcohol during pregnancy, are conserved across species, observed similarly at young ages in zebrafish as well 
as rats exposed as embryos to ethanol. The use of larval zebrafish here and in our recent studies has allowed us 
to gain a more in-depth understanding of the role of a particular neural mechanism, specifically hypothalamic 
Hcrt neurons, in mediating these early behaviors induced by embryonic ethanol exposure that are related to 
later excess consumption of alcohol. These findings support the use of larval zebrafish as a strong animal model 
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for investigating additional neuronal systems causally related to early, ethanol-induced behavioral disturbances 
that are predictive of alcohol use disorder later in life.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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Results are shown as means ± standard errors. *p < 0.05, **p < 0.01. dpf days post fertilization.

◂

https://doi.org/10.1542/peds.2007-2243C
https://doi.org/10.1016/s0899-3289(97)90009-2
https://doi.org/10.1016/s0899-3289(97)90009-2
https://doi.org/10.1007/0-306-48626-1_2
https://doi.org/10.1016/j.jaac.2017.05.004
https://doi.org/10.1016/j.adolescence.2014.08.013
https://doi.org/10.1016/j.adolescence.2014.08.013
https://doi.org/10.1017/S0954579420000541
https://doi.org/10.1007/s10802-009-9360-y
https://doi.org/10.1007/s10802-009-9360-y
https://doi.org/10.1016/j.neubiorev.2009.06.004
https://doi.org/10.1016/j.neubiorev.2009.06.004
https://doi.org/10.1016/j.biopsych.2006.05.025
https://doi.org/10.1016/j.physbeh.2015.01.019
https://doi.org/10.1016/j.drugalcdep.2020.10818710.1016/j.drugalcdep.2020.108187
https://doi.org/10.1016/j.drugalcdep.2020.10818710.1016/j.drugalcdep.2020.108187


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3021  | https://doi.org/10.1038/s41598-024-52465-x

www.nature.com/scientificreports/

	 15.	 Lees, B. et al. Association of prenatal alcohol exposure with psychological, behavioral, and neurodevelopmental outcomes in 
children from the adolescent brain cognitive development study. Am. J. Psychiatry 177, 1060–1072. https://​doi.​org/​10.​1176/​
appi.​ajp.​2020.​20010​086 (2020).

	 16.	 Diaz, M. R., Johnson, J. M. & Varlinskaya, E. I. Increased ethanol intake is associated with social anxiety in offspring exposed 
to ethanol on gestational day 12. Behav. Brain Res. 393, 112766. https://​doi.​org/​10.​1016/j.​bbr.​2020.​112766 (2020).

	 17.	 Kim, P. et al. Effects of ethanol exposure during early pregnancy in hyperactive, inattentive and impulsive behaviors and MeCP2 
expression in rodent offspring. Neurochem. Res. 38, 620–631. https://​doi.​org/​10.​1007/​s11064-​012-​0960-5 (2013).

	 18.	 Fish, E. W. et al. The enduring impact of neurulation stage alcohol exposure: A combined behavioral and structural neuroimag-
ing study in adult male and female C57BL/6J mice. Behav. Brain Res. 338, 173–184. https://​doi.​org/​10.​1016/j.​bbr.​2017.​10.​020 
(2018).

	 19.	 Wang, R. et al. Prenatal ethanol exposure increases risk of psychostimulant addiction. Behav. Brain Res. 356, 51–61. https://​doi.​
org/​10.​1016/j.​bbr.​2018.​07.​030 (2019).

	 20.	 Molina, J. C., Spear, N. E., Spear, L. P., Mennella, J. A. & Lewis, M. J. The International society for developmental psychobiol-
ogy 39th annual meeting symposium: Alcohol and development: beyond fetal alcohol syndrome. Dev. Psychobiol. 49, 227–242 
(2007).

	 21.	 Sterling, M. E., Karatayev, O., Chang, G. Q., Algava, D. B. & Leibowitz, S. F. Model of voluntary ethanol intake in zebrafish: 
effect on behavior and hypothalamic orexigenic peptides. Behav. Brain Res. 278, 29–39. https://​doi.​org/​10.​1016/j.​bbr.​2014.​09.​
024 (2015).

	 22.	 Sterling, M. E., Chang, G. Q., Karatayev, O., Chang, S. Y. & Leibowitz, S. F. Effects of embryonic ethanol exposure at low doses on 
neuronal development, voluntary ethanol consumption and related behaviors in larval and adult zebrafish: Role of hypothalamic 
orexigenic peptides. Behav. Brain Res. 304, 125–138. https://​doi.​org/​10.​1016/j.​bbr.​2016.​01.​013 (2016).

	 23.	 Collier, A. D. et al. Maternal ethanol consumption before paternal fertilization: Stimulation of hypocretin neurogenesis and 
ethanol intake in zebrafish offspring. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 96, 109728. https://​doi.​org/​10.​1016/j.​pnpbp.​
2019.​109728 (2020).

	 24.	 Collier, A. D. et al. Embryonic ethanol exposure induces ectopic Hcrt and MCH neurons outside hypothalamus in rats and 
zebrafish: Role in ethanol-induced behavioural disturbances. Addict. Biol. 27, e13238. https://​doi.​org/​10.​1111/​adb.​13238 (2022).

	 25.	 Collier, A. D. et al. Neuronal chemokine concentration gradients mediate effects of embryonic ethanol exposure on ectopic 
hypocretin/orexin neurons and behavior in zebrafish. Sci. Rep. 13, 1447. https://​doi.​org/​10.​1038/​s41598-​023-​28369-7 (2023).

	 26.	 Pinheiro-da-Silva, J., Agues-Barbosa, T. & Luchiari, A. C. Embryonic exposure to ethanol increases anxiety-like behavior in fry 
zebrafish. Alcohol 55, 581–590. https://​doi.​org/​10.​1093/​alcalc/​agaa0​87 (2020).

	 27.	 Chen, T. H., Wang, Y. H. & Wu, Y. H. Developmental exposures to ethanol or dimethylsulfoxide at low concentrations alter 
locomotor activity in larval zebrafish: implications for behavioral toxicity bioassays. Aquat. Toxicol. 102, 162–166. https://​doi.​
org/​10.​1016/j.​aquat​ox.​2011.​01.​010 (2011).

	 28.	 Nuss, P. Anxiety disorders and GABA neurotransmission: A disturbance of modulation. Neuropsychiatr. Dis. Treat. 11, 165–175. 
https://​doi.​org/​10.​2147/​NDT.​S58841 (2015).

	 29.	 Kegeles, L. S. et al. Enhanced striatal dopamine release to expectation of alcohol: A potential risk factor for alcohol use disorder. 
Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3, 591–598. https://​doi.​org/​10.​1016/j.​bpsc.​2018.​03.​018 (2018).

	 30.	 Morganstern, I., Gulati, G. & Leibowitz, S. F. Role of melanin-concentrating hormone in drug use disorders. Brain Res. 1741, 
146872. https://​doi.​org/​10.​1016/j.​brain​res.​2020.​146872 (2020).

	 31.	 Panula, P. Hypocretin/orexin in fish physiology with emphasis on zebrafish. Acta Physiol. (Oxf) 198, 381–386. https://​doi.​org/​
10.​1111/j.​1748-​1716.​2009.​02038.x (2010).

	 32.	 Elbaz, I., Levitas-Djerbi, T. & Appelbaum, L. The hypocretin/orexin neuronal networks in zebrafish. Curr. Top. Behav. Neurosci. 
33, 75–92. https://​doi.​org/​10.​1007/​7854_​2016_​59 (2017).

	 33.	 Mickelsen, L. E. et al. Neurochemical heterogeneity among lateral hypothalamic hypocretin/orexin and melanin-concentrating 
hormone neurons identified through single-cell gene expression analysis. eNeuro https://​doi.​org/​10.​1523/​ENEURO.​0013-​17.​
2017 (2017).

	 34.	 Sagi, D., de Lecea, L. & Appelbaum, L. Heterogeneity of hypocretin/orexin neurons. Front. Neurol. Neurosci. 45, 61–74. https://​
doi.​org/​10.​1159/​00051​4964 (2021).

	 35.	 Jacobson, L. H., Hoyer, D. & de Lecea, L. Hypocretins (orexins): The ultimate translational neuropeptides. J. Intern. Med. 291, 
533–556. https://​doi.​org/​10.​1111/​joim.​13406 (2022).

	 36.	 Moorman, D. E. The hypocretin/orexin system as a target for excessive motivation in alcohol use disorders. Psychopharmacology 
(Berl) 235, 1663–1680. https://​doi.​org/​10.​1007/​s00213-​018-​4871-2 (2018).

	 37.	 Collier, A. D. et al. Sexually dimorphic and asymmetric effects of embryonic ethanol exposure on hypocretin/orexin neurons 
as related to behavioral changes in zebrafish. Sci. Rep. 11, 16078. https://​doi.​org/​10.​1038/​s41598-​021-​95707-y (2021).

	 38.	 Fragale, J. E., James, M. H. & Aston-Jones, G. Intermittent self-administration of fentanyl induces a multifaceted addiction state 
associated with persistent changes in the orexin system. Addict. Biol. 26, e12946. https://​doi.​org/​10.​1111/​adb.​12946 (2021).

	 39.	 Johnson, P. L. et al. A key role for orexin in panic anxiety. Nat. Med. 16, 111–115. https://​doi.​org/​10.​1038/​nm.​2075 (2010).
	 40.	 Gorka, S. M., Khorrami, K. J., Manzler, C. A. & Phan, K. L. Acute orexin antagonism selectively modulates anticipatory anxi-

ety in humans: implications for addiction and anxiety. Transl. Psychiatry 12, 308. https://​doi.​org/​10.​1038/​s41398-​022-​02090-x 
(2022).

	 41.	 Campbell, E. J., Norman, A., Bonomo, Y. & Lawrence, A. J. Suvorexant to treat alcohol use disorder and comorbid insomnia: 
plan for a phase II trial. Brain Res. 1728, 146597 (2020).

	 42.	 Schneider, E. R., Rada, P., Darby, R. D., Leibowitz, S. F. & Hoebel, B. G. Orexigenic peptides and alcohol intake: differential 
effects of orexin, galanin, and ghrelin. Alcohol Clin. Exp. Res. 31, 1858–1865. https://​doi.​org/​10.​1111/j.​1530-​0277.​2007.​00510.x 
(2007).

	 43.	 Chang, G. Q., Karatayev, O. & Leibowitz, S. F. Prenatal exposure to ethanol stimulates hypothalamic CCR2 chemokine recep-
tor system: Possible relation to increased density of orexigenic peptide neurons and ethanol drinking in adolescent offspring. 
Neuroscience 310, 163–175. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2015.​09.​020 (2015).

	 44.	 Chang, G. Q., Karatayev, O., Liang, S. C., Barson, J. R. & Leibowitz, S. F. Prenatal ethanol exposure stimulates neurogenesis 
in hypothalamic and limbic peptide systems: Possible mechanism for offspring ethanol overconsumption. Neuroscience 222, 
417–428. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2012.​05.​066 (2012).

	 45.	 Heydendael, W., Sengupta, A., Beck, S. & Bhatnagar, S. Optogenetic examination identifies a context-specific role for orexins/
hypocretins in anxiety-related behavior. Physiol. Behav. 130, 182–190. https://​doi.​org/​10.​1016/j.​physb​eh.​2013.​10.​005 (2014).

	 46.	 Hagan, J. J. et al. Orexin A activates locus coeruleus cell firing and increases arousal in the rat. Proc. Natl. Acad. Sci. USA 96, 
10911–10916. https://​doi.​org/​10.​1073/​pnas.​96.​19.​10911 (1999).

	 47.	 Tyree, S. M. et al. Optogenetic and pharmacological interventions link hypocretin neurons to impulsivity in mice. Commun. 
Biol. 6, 74. https://​doi.​org/​10.​1038/​s42003-​023-​04409-w (2023).

	 48.	 Howard, J. T. et al. Trends in binge drinking and heavy alcohol consumption among pregnant women in the US, 2011 to 2020. 
JAMA Netw. Open 5, e2224846. https://​doi.​org/​10.​1001/​jaman​etwor​kopen.​2022.​24846 (2022).

https://doi.org/10.1176/appi.ajp.2020.20010086
https://doi.org/10.1176/appi.ajp.2020.20010086
https://doi.org/10.1016/j.bbr.2020.112766
https://doi.org/10.1007/s11064-012-0960-5
https://doi.org/10.1016/j.bbr.2017.10.020
https://doi.org/10.1016/j.bbr.2018.07.030
https://doi.org/10.1016/j.bbr.2018.07.030
https://doi.org/10.1016/j.bbr.2014.09.024
https://doi.org/10.1016/j.bbr.2014.09.024
https://doi.org/10.1016/j.bbr.2016.01.013
https://doi.org/10.1016/j.pnpbp.2019.109728
https://doi.org/10.1016/j.pnpbp.2019.109728
https://doi.org/10.1111/adb.13238
https://doi.org/10.1038/s41598-023-28369-7
https://doi.org/10.1093/alcalc/agaa087
https://doi.org/10.1016/j.aquatox.2011.01.010
https://doi.org/10.1016/j.aquatox.2011.01.010
https://doi.org/10.2147/NDT.S58841
https://doi.org/10.1016/j.bpsc.2018.03.018
https://doi.org/10.1016/j.brainres.2020.146872
https://doi.org/10.1111/j.1748-1716.2009.02038.x
https://doi.org/10.1111/j.1748-1716.2009.02038.x
https://doi.org/10.1007/7854_2016_59
https://doi.org/10.1523/ENEURO.0013-17.2017
https://doi.org/10.1523/ENEURO.0013-17.2017
https://doi.org/10.1159/000514964
https://doi.org/10.1159/000514964
https://doi.org/10.1111/joim.13406
https://doi.org/10.1007/s00213-018-4871-2
https://doi.org/10.1038/s41598-021-95707-y
https://doi.org/10.1111/adb.12946
https://doi.org/10.1038/nm.2075
https://doi.org/10.1038/s41398-022-02090-x
https://doi.org/10.1111/j.1530-0277.2007.00510.x
https://doi.org/10.1016/j.neuroscience.2015.09.020
https://doi.org/10.1016/j.neuroscience.2012.05.066
https://doi.org/10.1016/j.physbeh.2013.10.005
https://doi.org/10.1073/pnas.96.19.10911
https://doi.org/10.1038/s42003-023-04409-w
https://doi.org/10.1001/jamanetworkopen.2022.24846


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3021  | https://doi.org/10.1038/s41598-024-52465-x

www.nature.com/scientificreports/

	 49.	 Shen, C. & Zuo, Z. Zebrafish (Danio rerio) as an excellent vertebrate model for the development, reproductive, cardiovascular, 
and neural and ocular development toxicity study of hazardous chemicals. Environ. Sci. Pollut. Res. Int. 27, 43599–43614. https://​
doi.​org/​10.​1007/​s11356-​020-​10800-5 (2020).

	 50.	 Gerlai, R. Embryonic alcohol exposure: Towards the development of a zebrafish model of fetal alcohol spectrum disorders. Dev. 
Psychobiol. 57, 787–798. https://​doi.​org/​10.​1002/​dev.​21318 (2015).

	 51.	 Coles, C. D. et al. Characterizing alcohol‐related neurodevelopmental disorder (ARND): Prenatal alcohol exposure and the 
spectrum of outcomes. Alcohol. Clin. Exp. Res. 44, 1245 (2020).

	 52.	 Liu, M., Oyarzabal, E. A., Yang, R., Murphy, S. J. & Hurn, P. D. A novel method for assessing sex-specific and genotype-specific 
response to injury in astrocyte culture. J. Neurosci. Methods 171, 214–217 (2008).

	 53.	 Chang, G. Q. et al. Hypothalamic CCL2/CCR2 chemokine system: Role in sexually dimorphic effects of maternal ethanol 
exposure on melanin-concentrating hormone and behavior in adolescent offspring. J. Neurosci. 38, 9072–9090. https://​doi.​org/​
10.​1523/​JNEUR​OSCI.​0637-​18.​2018 (2018).

	 54.	 Singh, C., Oikonomou, G. & Prober, D. A. Norepinephrine is required to promote wakefulness and for hypocretin-induced 
arousal in zebrafish. Elife 4, e07000. https://​doi.​org/​10.​7554/​eLife.​07000 (2015).

	 55.	 Collier, A. D. et al. Embryonic ethanol exposure affects the early development, migration, and location of hypocretin/orexin 
neurons in zebrafish. Alcohol. Clin. Exp. Res. 43, 1702–1713 https://​doi.​org/​10.​1111/​acer.​14126 (2019).

	 56.	 Brischoux, F., Fellmann, D. & Risold, P. Y. Ontogenetic development of the diencephalic MCH neurons: A hypothalamic “MCH 
area” hypothesis. Eur. J. Neurosci. 13, 1733–1744 (2001).

	 57.	 Kimmel, C. & Ballard, W. Stages of embryonic development of the zebrafish. Developmental 203, 253 (1995).
	 58.	 Machluf, Y., Gutnick, A. & Levkowitz, G. Development of the zebrafish hypothalamus. Ann. N. Y. Acad. Sci. 1220, 93–105 (2011).
	 59.	 Barson, J. R., Ho, H. T. & Leibowitz, S. F. Anterior thalamic paraventricular nucleus is involved in intermittent access ethanol 

drinking: Role of orexin receptor 2. Addict. Biol. 20, 469–481. https://​doi.​org/​10.​1111/​adb.​12139 (2015).
	 60.	 Pirino, B. E. et al. Sex‐related differences in pattern of ethanol drinking under the intermittent‐access model and its impact on 

exploratory and anxiety‐like behavior in Long‐Evans rats. Alcohol. Clin. Exp. Res. 46, 1282–1293 (2022).
	 61.	 Gaztanaga, M., Aranda-Fernandez, P. E. & Chotro, M. G. Prenatal exposure to vanilla or alcohol induces crawling after these 

odors in the neonate rat: The role of mu and kappa opioid receptor systems. Physiol. Behav. 148, 58–64. https://​doi.​org/​10.​1016/j.​
physb​eh.​2014.​12.​046 (2015).

	 62.	 Nema, S., Hasan, W., Bhargava, A. & Bhargava, Y. A novel method for automated tracking and quantification of adult zebrafish 
behaviour during anxiety. J. Neurosci. Methods 271, 65–75 (2016).

	 63.	 Lange, M. et al. The ADHD-susceptibility gene lphn3.1 modulates dopaminergic neuron formation and locomotor activity 
during zebrafish development. Mol. Psychiatry 17, 946–954 (2012).

	 64.	 Chen, B. & Scalzo, F. Effects of acute nicotine on larval zebrafish exploratory behavior in a complex environment. Neurotoxicol. 
Teratol 49, 135 (2015).

	 65.	 Bruzzone, M. et al. Measuring recognition memory in zebrafish larvae: Issues and limitations. PeerJ 8, e8890 (2020).
	 66.	 Gatto, E. et al. Environmental enrichment decreases anxiety-like behavior in zebrafish larvae. Dev. Psychobiol. 64, e22255 (2022).
	 67.	 Faraco, J. H. et al. Regulation of hypocretin (orexin) expression in embryonic zebrafish. J. Biol. Chem. 281, 29753–29761 (2006).
	 68.	 Mishra, R., Sehring, I., Cederlund, M., Mulaw, M. & Weidinger, G. NF-κB signaling negatively regulates osteoblast dedifferentia-

tion during zebrafish bone regeneration. Dev. Cell 52, 167–182 (2020).
	 69.	 Fabian, P. et al. Lifelong single-cell profiling of cranial neural crest diversification in zebrafish. Nat. Commun. 13, 13 (2022).
	 70.	 Hayton, S. J., Mahoney, M. K. & Olmstead, M. C. Behavioral traits predicting alcohol drinking in outbred rats: An investigation 

of anxiety, novelty seeking, and cognitive flexibility. Alcohol Clin. Exp. Res. 36, 594–603. https://​doi.​org/​10.​1111/j.​1530-​0277.​
2011.​01668.x (2012).

	 71.	 Pena-Oliver, Y. et al. Alcohol-preferring rats show goal oriented behaviour to food incentives but are neither sign-trackers nor 
impulsive. PLoS One 10, e0131016. https://​doi.​org/​10.​1371/​journ​al.​pone.​01310​16 (2015).

	 72.	 Karatayev, O. et al. Predictors of ethanol consumption in adult Sprague-Dawley rats: Relation to hypothalamic peptides that 
stimulate ethanol intake. Alcohol 44, 323–334. https://​doi.​org/​10.​1016/j.​alcoh​ol.​2010.​05.​002 (2010).

	 73.	 Munoz-Villegas, P., Rodriguez, V. M., Giordano, M. & Juarez, J. Risk-taking, locomotor activity and dopamine levels in the 
nucleus accumbens and medial prefrontal cortex in male rats treated prenatally with alcohol. Pharmacol. Biochem. Behav. 153, 
88–96. https://​doi.​org/​10.​1016/j.​pbb.​2016.​12.​011 (2017).

	 74.	 Kleiber, M. L., Wright, E. & Singh, S. M. Maternal voluntary drinking in C57BL/6J mice: Advancing a model for fetal alcohol 
spectrum disorders. Behav. Brain Res. 223, 376–387. https://​doi.​org/​10.​1016/j.​bbr.​2011.​05.​005 (2011).

	 75.	 Schambra, U. B., Nunley, K., Harrison, T. A. & Lewis, C. N. Consequences of low or moderate prenatal ethanol exposures during 
gastrulation or neurulation for open field activity and emotionality in mice. Neurotoxicol. Teratol. 57, 39–53. https://​doi.​org/​10.​
1016/j.​ntt.​2016.​06.​003 (2016).

	 76.	 Arias, C. & Chotro, M. G. Increased preference for ethanol in the infant rat after prenatal ethanol exposure, expressed on intake 
and taste reactivity tests. Alcohol Clin. Exp. Res. 29, 337–346. https://​doi.​org/​10.​1097/​01.​alc.​00001​56115.​35817.​21 (2005).

	 77.	 Chotro, M. G. & Arias, C. Exposure to low and moderate doses of alcohol on late gestation modifies infantile response to and 
preference for alcohol in rats. Ann. Ist. Super Sanita 42, 22–30 (2006).

	 78.	 Baggio, S., Mussulini, B. H., de Oliveira, D. L., Gerlai, R. & Rico, E. P. Embryonic alcohol exposure leading to social avoidance 
and altered anxiety responses in adult zebrafish. Behav. Brain Res. 352, 62–69. https://​doi.​org/​10.​1016/j.​bbr.​2017.​08.​039 (2018).

	 79.	 Abozaid, A. & Gerlai, R. Behavioral effects of Buspirone in juvenile zebrafish of two different genetic backgrounds. Toxics 10, 
22 (2022).

	 80.	 Souza, T. P. et al. Acute effects of ethanol on behavioral responses of male and female zebrafish in the open field test with the 
influence of a non-familiar object. Behav. Processes 191, 104474. https://​doi.​org/​10.​1016/j.​beproc.​2021.​104474 (2021).

	 81.	 Araujo-Silva, H., Pinheiro-da-Silva, J., Silva, P. F. & Luchiari, A. C. Individual differences in response to alcohol exposure in 
zebrafish (Danio rerio). PLoS One 13, e0198856 (2018).

	 82.	 de Abreu, M. S. et al. Zebrafish models of impulsivity and impulse control disorders. Eur. J. Neurosci. 52, 4233–4248 (2020).
	 83.	 Parker, O.M. & Brennan, H.C. Translational pharmacology of a putative measure of motor impulsivity in larval zebrafish. Curr. 

Psychopharmacol. 5, 73–84 (2016).
	 84.	 Wille-Bille, A. et al. Early exposure to environmental enrichment modulates the effects of prenatal ethanol exposure upon opioid 

gene expression and adolescent ethanol intake. Neuropharmacology 165, 107917. https://​doi.​org/​10.​1016/j.​neuro​pharm.​2019.​
107917 (2020).

	 85.	 Fabio, M. C., Macchione, A. F., Nizhnikov, M. E. & Pautassi, R. M. Prenatal ethanol increases ethanol intake throughout ado-
lescence, alters ethanol-mediated aversive learning, and affects mu but not delta or kappa opioid receptor mRNA expression. 
Eur. J. Neurosci. 41, 1569–1579. https://​doi.​org/​10.​1111/​ejn.​12913 (2015).

	 86.	 Yasmin, N. et al. Subpopulations of hypocretin/orexin neurons differ in measures of their cell proliferation, dynorphin co-
expression, projections, and response to embryonic ethanol exposure. Sci. Rep. 13, 8448. https://​doi.​org/​10.​1038/​s41598-​023-​
35432-w (2023).

	 87.	 Barson, J. R. & Leibowitz, S. F. Orexin/hypocretin system: Role in food and drug overconsumption. Int. Rev. Neurobiol. 136, 
199–237. https://​doi.​org/​10.​1016/​bs.​irn.​2017.​06.​006 (2017).

https://doi.org/10.1007/s11356-020-10800-5
https://doi.org/10.1007/s11356-020-10800-5
https://doi.org/10.1002/dev.21318
https://doi.org/10.1523/JNEUROSCI.0637-18.2018
https://doi.org/10.1523/JNEUROSCI.0637-18.2018
https://doi.org/10.7554/eLife.07000
https://doi.org/10.1111/acer.14126
https://doi.org/10.1111/adb.12139
https://doi.org/10.1016/j.physbeh.2014.12.046
https://doi.org/10.1016/j.physbeh.2014.12.046
https://doi.org/10.1111/j.1530-0277.2011.01668.x
https://doi.org/10.1111/j.1530-0277.2011.01668.x
https://doi.org/10.1371/journal.pone.0131016
https://doi.org/10.1016/j.alcohol.2010.05.002
https://doi.org/10.1016/j.pbb.2016.12.011
https://doi.org/10.1016/j.bbr.2011.05.005
https://doi.org/10.1016/j.ntt.2016.06.003
https://doi.org/10.1016/j.ntt.2016.06.003
https://doi.org/10.1097/01.alc.0000156115.35817.21
https://doi.org/10.1016/j.bbr.2017.08.039
https://doi.org/10.1016/j.beproc.2021.104474
https://doi.org/10.1016/j.neuropharm.2019.107917
https://doi.org/10.1016/j.neuropharm.2019.107917
https://doi.org/10.1111/ejn.12913
https://doi.org/10.1038/s41598-023-35432-w
https://doi.org/10.1038/s41598-023-35432-w
https://doi.org/10.1016/bs.irn.2017.06.006


16

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3021  | https://doi.org/10.1038/s41598-024-52465-x

www.nature.com/scientificreports/

	 88.	 Chen, A., Singh, C., Oikonomou, G. & Prober, D. A. Genetic analysis of histamine signaling in larval zebrafish sleep. Eneuro 4, 
3 (2017).

	 89.	 Chen, S., Chiu, C. N., McArthur, K. L., Fetcho, J. R. & Prober, D. A. TRP channel mediated neuronal activation and ablation in 
freely behaving zebrafish. Nat. Methods 13, 147 (2016).

	 90.	 Suzuki, M., Beuckmann, C. T., Shikata, K., Ogura, H. & Sawai, T. Orexin-A (hypocretin-1) is possibly involved in generation of 
anxiety-like behavior. Brain Res. 1044, 116–121. https://​doi.​org/​10.​1016/j.​brain​res.​2005.​03.​002 (2005).

	 91.	 Eacret, D. et al. Orexin signaling during social defeat stress influences subsequent social interaction behaviour and recognition 
memory. Behav. Brain Res. 356, 444–452 (2019).

	 92.	 Tavakkolifard, M. et al. Evaluation of the relationship between the gene expression level of orexin-1 receptor in the rat blood 
and prefrontal cortex, novelty-seeking, and proneness to methamphetamine dependence: A candidate biomarker. Peptides 131, 
170368. https://​doi.​org/​10.​1016/j.​pepti​des.​2020.​170368 (2020).

	 93.	 Mileykovskiy, B. Y., Kiyashchenko, L. I. & Siegel, J. M. Behavioral correlates of activity in identified hypocretin/orexin neurons. 
Neuron 46, 787–798. https://​doi.​org/​10.​1016/j.​neuron.​2005.​04.​035 (2005).

	 94.	 Furlong, T. M., Vianna, D. M., Liu, L. & Carrive, P. Hypocretin/orexin contributes to the expression of some but not all forms 
of stress and arousal. Eur. J. Neurosci. 30, 1603–1614. https://​doi.​org/​10.​1111/j.​1460-​9568.​2009.​06952.x (2009).

	 95.	 Gentile, T. A. et al. Effects of suvorexant, a dual orexin/hypocretin receptor antagonist, on impulsive behavior associated with 
cocaine. Neuropsychopharmacology 43, 1001–1009. https://​doi.​org/​10.​1038/​npp.​2017.​158 (2018).

	 96.	 Gentile, T. A. et al. Suvorexant, an orexin/hypocretin receptor antagonist, attenuates motivational and hedonic properties of 
cocaine. Addict. Biol. 23, 247–255. https://​doi.​org/​10.​1111/​adb.​12507 (2018).

	 97.	 Moorman, D. E., James, M. H., Kilroy, E. A. & Aston-Jones, G. Orexin/hypocretin neuron activation is correlated with alcohol 
seeking and preference in a topographically specific manner. Eur. J. Neurosci. 43, 710–720. https://​doi.​org/​10.​1111/​ejn.​13170 
(2016).

	 98.	 Barson, J. R. & Leibowitz, S. F. Hypothalamic neuropeptide signaling in alcohol addiction. Prog. Neuro-Psychopharmacol. Biol. 
Psychiatry 65, 321–329 (2016).

	 99.	 Lawrence, A. J. Regulation of alcohol-seeking by orexin (hypocretin) neurons. Brain Res. 1314, 124–129. https://​doi.​org/​10.​
1016/j.​brain​res.​2009.​07.​072 (2010).

	100.	 Lawrence, A. J., Cowen, M. S., Yang, H. J., Chen, F. & Oldfield, B. The orexin system regulates alcohol-seeking in rats. Br. J. 
Pharmacol. 148, 752–759. https://​doi.​org/​10.​1038/​sj.​bjp.​07067​89 (2006).

Acknowledgements
We thank Dr. David Prober and his lab (California Institute of Technology) who kindly shared the transgenic 
Hcrt:ChR2-EYFP54 zebrafish with us and provided guidance on the optogenetics apparatus. We also thank The 
Rockefeller University’s Bio‐Imaging Resource Center for the use of their equipment and for providing guidance.

Author contributions
A.D.C. and N.Y. contributed to this work equally and share first authorship. A.D.C., N.Y., O.K., and S.F.L. pro-
posed the ideas and hypotheses. A.D.C., N.Y., O.K., and S.F.L. designed experimental strategy, supervised the 
study’s execution, data interpretation, and manuscript writing. A.D.C., N.Y., and A.R.A. conducted all experi-
ments. A.D.C. conducted all microscopy while N.Y., B.Y., M.F., and S.C. performed all image and data analyses. 
A.D.C. and N.Y. conducted all statistical analyses and N.Y. and B.Y. prepared all figures. All the authors contrib-
uted to the revision and review of the manuscript.

Funding
This research was supported by National Institute on Alcohol Abuse and Alcoholism of the National Institutes 
of Health under award number R01AA027653 (S.F.L). The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Institutes of Health.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.F.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1016/j.brainres.2005.03.002
https://doi.org/10.1016/j.peptides.2020.170368
https://doi.org/10.1016/j.neuron.2005.04.035
https://doi.org/10.1111/j.1460-9568.2009.06952.x
https://doi.org/10.1038/npp.2017.158
https://doi.org/10.1111/adb.12507
https://doi.org/10.1111/ejn.13170
https://doi.org/10.1016/j.brainres.2009.07.072
https://doi.org/10.1016/j.brainres.2009.07.072
https://doi.org/10.1038/sj.bjp.0706789
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Embryonic ethanol exposure and optogenetic activation of hypocretin neurons stimulate similar behaviors early in life associated with later alcohol consumption
	Materials and methods
	Animals and housing
	Embryonic ethanol treatment in rats and zebrafish
	Rat behavioral testing
	Zebrafish behavioral testing
	Optogenetic activation of Hcrt neurons
	RNAscope in situ hybridization and confocal microscopy
	Statistical analyses

	Results
	Optogenetic activation of Hcrt neurons stimulates cfos and early behaviors in larval zebrafish and a later increase in alcohol consumption

	Discussion
	References
	Acknowledgements


