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1 | INTRODUCTION

| Augusto Monteiro de Souza® |

| Silvia Regina Batistuzzo de Medeiros>

Abstract

Alcohol and nicotine are psychoactive substances responsible for serious health con-
sequences. Although the biological mechanisms of alcohol and nicotine have been
studied extensively, individual differences in the response to these drugs have
received little attention. Here we evaluated gene expression and behavior of bold
and shy individuals after acute exposure to alcohol and nicotine. For this, zebrafish
were classified as bold and shy individuals based on emergence tests, and then fish
were exposed to 0.00, 0.10, and 0.50% alcohol or 0.00, 1.00, and 5.00 mg/L nicotine
and their anxiety-like and locomotor behavior was observed. After behavioral assess-
ment, brain mRNA expression (ache, bdnf, gabal, gad1b, th1, and tph1) was evaluated.
Locomotion patterns differed between profiles depending on alcohol and nicotine
concentration. Anxiety increased in shy fish and decreased in bold fish after exposure
to both drugs. Alcohol exposure induced an increase in tph1 mRNA expression in
bold fish, while bdnf mRNA expression was increased in shy fish. Nicotine increased
ache, bdnf, and tphl mRNA levels in both profiles, but at higher levels in bold fish.
Based on our research, we found that alcohol induces anxiogenic effects in both bold
and shy zebrafish. Additionally, shy individuals exposed to a low concentration of nic-
otine exhibited stronger anxiety-like responses than their bold counterparts. These
findings further support the validity of using zebrafish as a dependable tool for study-
ing the effects of drugs and uncovering the underlying mechanisms associated with

individual variations.
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(Carere et al., 2005), overcome illness (Cavigelli, 2005), and develop
addiction (Goldman et al., 2005). Although behavioral traits are plastic

Individual differences have been studied in a variety of species and
explored in recent decades due to the correlation between traits
and the ability to make decisions (Wang et al., 2015), deal with stress

This article is part of the special issue “Understanding disorders of the human nervous
system: how fish models reveal disease mechanisms from single molecules to behavior.”

and vary depending on physiological and genetic factors, some
responses are consistent over time and across contexts (Koolhaas
et al., 1999; Qverli et al., 2007; Wilson et al., 1994). Some behavioral
characteristics that are correlated are usually grouped into sets, which
are referred to as temperament (Réale et al, 2007), personality
(Gosling & John, 1999), coping style (Koolhaas et al., 1999), behavioral
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syndrome (Sih et al., 2004), and behavioral profile (Svartberg, 2005).
The response to novel and stressful situations is one of the most
extensively investigated among the various behavioral features. This
particular aspect is often called the “boldness axis” or “boldness-
shyness continuum” (Oswald et al., 2012).

Bold individuals tend to take more risks; they habituate faster, are
more apt to explore novelty, and have their behavioral responses more
linked to routines and previous experiences (White et al., 2017). Shy
individuals adopt a risk-averse strategy, have low exploration rates,
demonstrate greater behavioral flexibility, and are highly dependent on
ambient signals (Moscicki & Hurd, 2015; Wilson et al., 1994). In fish,
bold individuals are more aggressive (@verli et al., 2004), are more
active (Ferrari et al., 2015; Millot et al., 2009), and depict stronger sym-
pathetic reactions and lower hypothalamic-pituitary-interrenal (HPI)
reactivity than shy ones (Alfonso et al., 2019; Huntingford et al., 2010).
The bold-shy dimension includes an individual's inclination to explore
potentially risky situations (Stamps, 2007). Consequently, individuals
classified as bold are anticipated to have a greater propensity for drug
use and abuse, often display diminished fear and anxiety responses,
leading to a higher willingness to take risks, and experiment with sub-
stances that others may consider hazardous (Araujo-Silva et al., 2018;
Bellot et al., 2022; Daniel & Bhat, 2020; Kanai & Rees, 2011;
Mamuneas et al., 2015). This combination of personality traits and
behaviors heightens their vulnerability to drug use and raises the risk of
developing substance abuse or dependence.

The susceptibility to alcohol and nicotine abuse differs between
individuals, and several mechanisms contribute to it, including genes
that regulate some brain neurotransmitters, changes in drug respon-
siveness as tolerance and sensitization, conditioning (the search for
the drug elicited by certain signals), and psychosocial factors that
include personality (Bahi, 2013; Bobo & Husten, 2000; Breslau, 1995;
Goldman et al., 2005; Wolf et al., 2007). While the biological mecha-
nisms of alcohol and nicotine have been studied extensively and seri-
ous health consequences are attributed to their use, individual
differences in the response to these drugs received little attention.
The literature on this topic is still limited and there is a gap in the
knowledge of the relationship between the propensity to develop
addiction, neurophysiological changes, and differences in the behav-
ioral profile of individuals. A few recent studies investigated the rela-
tionship between behavioral characteristics and alcohol or nicotine
consumption in zebrafish (Araujo-Silva et al., 2020; Klee et al., 2011),
an animal model for translational research that has been contributing
to the thorough understanding of several human complex diseases
(Xu & Zon, 2010).

In both human and animal models, chronic exposure to alcohol
and nicotine may lead to the development of tolerance and can
increase the risk of addiction (Elvig et al., 2021; Koob, 2014; Wills &
Kenny, 2021). These substances stimulate the release of dopamine, a
neurotransmitter associated with reinforcing effects and the experi-
ence of pleasure (Klee et al., 2012; Koob & Colrain, 2020; Roberto
et al., 2010). These drugs have an impact on the serotonergic path-
ways, which are integral to the regulation of emotional well-being and

mental health. The serotonergic pathways play a vital role in

DGD____BWIBSE

modulating mood and influencing the manifestation of anxiety-like
responses (Johnson, 2004; Mathur & Guo, 2010).

In terms of behavior, acute alcohol exposure has a biphasic action:
low to moderate doses cause stimulant and anxiolytic effects, whilst
high doses promote depressant effects (Mdiller, Ziani, et al., 2020;
Tran et al., 2016). Alcohol potentiates y-aminobutyric acid (GABA)
transmission and inhibits glutamatergic transmission, causing an initial
relaxing sensation followed by changes in locomotor activity, impair-
ments in environment perception and attention, and damage to cogni-
tive performance (Banerjee, 2014; Davies, 2003). Concerning
nicotine's mechanism of action, the stimulant activity of this drug in
the central nervous system modulates and mediates behavioral and
cognitive effects (Sherafat et al., 2021). Nicotine acts as an agonist to
the cholinergic system by binding to nicotinic cholinergic receptors
(nAChRs) (Tarren et al., 2016).

The repeated use of alcohol and nicotine has the acute effects
described above. The continued use of the drug, chronic or repeated,
may generate a situation of tolerance in which the individual starts to
need higher concentrations of the drug to achieve the same effects
(Benowitz, 2010; Koob & Volkow, 2010). In the long term, depen-
dence can develop; however, this propensity varies from individual to
individual. These responses have been reported to correlate between
human beings and animal models such as the zebrafish (Araujo-Silva
et al, 2018; Echevarria et al,, 2011; Kalueff et al., 2014; Mathur &
Guo, 2010).

In this sense, the neurobiological mechanisms of both alcohol and
nicotine were largely studied, but the reasons for different outcomes
observed between individuals are still obscure. While some individuals
hardly become dependent, others start craving for the drug after a
few opportunities of use (Cui et al., 2012; Hendrickson et al., 2013).
To understand the susceptibility of individuals to become addicted to
drugs, a few researchers have considered personality aspects (Skéra
et al., 2020; Wingo et al., 2016). For instance, considering parameters
in the bold-shy dimension, risk-prone and risk-averse individuals
show lower and higher sensibility to drug effects, respectively
(Araujo-Silva et al., 2020; Eddins et al., 2009). Aiming to fill this gap in
the literature, the objective of this work was to evaluate how bold
and shy zebrafish react to alcohol and nicotine in terms of behavior
and gene expression. We developed a novel tank including areas of
refuge, exploration, and risk taking and evaluated how bold and shy
individuals react after being exposed to increasing concentrations of
alcohol and nicotine. We hypothesized that the bold profile would be
less affected by the drugs while shy individuals would be more

sensible.

2 | MATERIALS AND METHODS

21 | Ethical note
The Animal Use Ethics Committee of the Federal University of Rio
Grande do Norte analyzed and approved all fish maintenance and

experimental protocols of this study (CEUA, certificate number
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263.033/2021). Animals' health and well-being were monitored daily
during all experimental phases. In all phases of the present study, the
authors complied with the ARRIVE guidelines.

2.2 | Animal husbandry

Adult zebrafish (Danio rerio, wild-type strain, final N = 120, 6 months
old, female:male ~ 1:1, 0.58 + 0.11 g) were obtained from a local farm
(Natal-RN, Brazil) and housed for 3 months in the fish laboratory of
the Federal University of Rio Grande do Norte under the following
conditions. The fish were stocked in an automated racking system
(28 cm x 11 cm x 18 cm, width x depth x height; 5.5L, ZebTEC
Active Blue—Tecniplast®) with a density of 10 fish per tank and kept
at 28°C (¢ 1°C) with a 14 h light/10 h dark photoperiod (250 lux).
Water osmolality (600 uS) and pH (6.7) were automatically controlled.
Animals were fed twice a day, in the morning with nauplii of Artemia
salina (Artemia salina do RN®, Brazil) and in the afternoon with flake
food (Alcon Basic® 60% protein and 15% fat).

2.3 | Behavioral profile determination

Behavioral profiles were established according to the protocol
described by Tudorache et al. (2013), based on the tendency of
zebrafish to prefer dark areas and to remain close to the social
group. For the emergence test, the tanks (40 cm x 25 cm x 20 cm,
width x depth x height; 20 L) were filled up to 15 L and divided by
an opaque partition into two equal-sized compartments: a black side
with black walls (initial zone) and a white side with white walls. The
middle partition had a guillotine door to control fish transition to
sides, as described by Araujo-Silva et al. (2018). All water and labora-
tory conditions were the same as described above.

The emergence test was carried out twice. In order to select an
initial group of bold and shy animals, 670 fish were used. Among
these 670 fish, 200 were categorized as shy and another 200 as bold.
Only those displaying early emergence behavior were retained for the
bold category, while only those exhibiting late emergence were kept
for the shy category. This was the first round of separation.
Afterwards, a second round was performed: 60 bold animals were
selected among the 200 pre-selected bolds, and 60 shy animals
were selected among the 200 pre-selected shy animals, resulting in a
final sample of 120 animals. After the second round of emergence
testing, the animals were returned to their respective stock tanks.
All animals identified as having intermediate characteristics during
the first and second rounds of emergency separation were excluded
from further analysis.

The procedure for carrying out the emergence test in the two
separation rounds described above was as follows: fish were randomly
selected from the stock tanks and divided into groups of 10 individuals
that were placed together on the black side of the tank. After a habit-
uation period of 2 min, the guillotined door was raised, and fish could

cross to the white side. Every time a fish crossed the door, it was

closed, and the animal was removed from the tank. Then, the door
was opened again for the next fish. The first three fish to emerge to
the white part were considered bold and the last three were consid-
ered shy. The remaining four fish were named intermediates and were

not used in this study. This procedure was repeated with all groups.

24 | Drug exposure and behavioral registration
Drug exposure lasted 60 min for alcohol (99.9% absolute ethyl alco-
hol, Dindmica Quimica Contemporanea Ltda, Brazil) and 3 min for nic-
otine ((—)-nicotine 299% (GC) liquid, Sigma-Aldrich, Brazil, CAS
Number: 54-11-5), according to Miller et al. (2013). The animals were
divided into 12 groups: two of bold animals (n = 10 per group) and
two of shy animals (n = 10 per group) treated with alcohol (concentra-
tion 0.10% and 0.50%); two of bold animals (n = 10 per group) and
two of shy animals (n = 10 per group) treated with nicotine (concen-
tration 1.00 mL/L and 5.00 mg/L). The same control group was used
for both drugs (n = 10 for the bold control group; n = 10 for the shy
control group). Shortly after acute exposure, fish were individually
filmed in a ramp aquarium adapted from Walsh-Monteiro et al. (2016)
to analyze the exploratory behavior.

The animals were individually transferred to a tank that had an
inclined ramp (40 cm x 10 cm x 20 cm; 23° of inclination) as shown
in Figure 1. The non-tilted part of this tank, called the flat area (10 cm
length), was covered with black adhesive paper and was the initial
zone where the fish were placed individually. The sloped part of the
tank, called the ramp area (20 cm length), was covered with opaque
white adhesive paper. At the top of the ramp there was a cubic object
(3 cm?, green color, Lego®) called the object area (10 cm length).
The behavior was recorded individually for 10 min with a webcam
(Logitech c920 HD Pro) positioned in front of the tank and was ana-
lyzed by ZebTrack/UFRN (Pinheiro-da-Silva et al., 2017). The parame-
ters evaluated were time spent in each area, distance from the object,
average speed while moving, total distance traveled, distance from
the bottom of the tank, and time immobile (time stopped in absence

of movement).

10cm 20cm 10cm

wogz

FIGURE 1 Overview of the exploration tank with ramp

(40 cm x 10 cm x 20 cm; 23° of inclination), showing the flat area
(black), the ramp area, and the object area. The whole bottom of the
tank was completely covered with opaque self-adhesive plastic films
(white or black). At the top of the ramp, there was a green cubic
object (3 cm?).
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2.5 | Molecular analysis
After behavioral registration, the animals were euthanized in clove oil
(200 mg/L, eugenol-based anesthetic), and brain tissue was collected
for gene expression analysis. Removed brains were grouped in two
pools with five brains in each tube containing 1 mL of RNA-Later
(Sigma-Aldrich®) and stored at —20°C according to the RNA-Later
process. Total RNA was extracted using the PureLink® RNA Mini Kit
according to the manufacturer's instructions. The purity and quality of
extracted RNA were analyzed using a Nanodrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, CA, USA) with an Apgo/Azgo ratio
between 1.8 and 2.0, and the quality was analyzed by electrophoresis in
a 0.8% agarose gel. Reverse transcription reactions were performed
using the TagMan Reverse Transcriptase Reagent kit with 1 pug of
total RNA.

gPCR analysis was performed using the Rotor-gene Q system
(Qiagen, CA, USA) and Power SYBR® Green PCR Master Mix. Reac-
tions were performed with 5 uM of the chosen primer pair, 1x SYBR
Green PCR Master Mix, 2 uL of template cDNA, and UltraPure™
Nuclease-Free Distilled Water to reach a final volume of 20 pL. The
running conditions were as follows: a 10-min denaturation step at
95°C, followed by 40 cycles of 95°C for 15s and 60°C for 60s, a
melting curve stage at 95°C for 15 min and 60°C for 1 h, and a final
step of 15 min at 95°C. The primers were selected based on targets
of alcohol and nicotine neurotransmitter systems and prior studies of
zebrafish gene expression in response to alcohol and nicotine expo-
sure (Table 1). Analysis of mRNA expression was performed following
the Minimum Information for Publishing Quantitative Real-Time PCR

Experiments (MIQE) guidelines.

2.6 | Data analysis

Data were analyzed for homogeneity, normality, collinearity, and possi-
ble outliers, as suggested by Zuur et al. (2010). Then, we conducted
two-way analysis of variance (ANOVA) followed by Bonferroni post
hoc correction to evaluate the main effect of profile (two levels: bold
and shy) and alcohol or nicotine treatment (three levels: 0.00%, 0.10%,
and 0.50% or 0.00, 1.00, and 5.00 mg/L, respectively). The test was
used to analyze distance from the object, average speed while moving,
total distance traveled, distance from the bottom of the tank, and time
immobile. In order to examine the variations in the time spent in differ-
ent areas of the tank between groups, we conducted three-way
ANOVA. This analysis was followed by post hoc comparisons using
Bonferroni correction. The purpose was to explore the main effects of
alcohol/nicotine exposure (with three levels in each treatment), behav-
ioral profile (bold and shy), and tank area (with three levels: flat, ramp,
and object). Additionally, we investigated the interactions among these
factors. Data were analyzed using the “tidyverse,” “rstatix,” “ggpubr,”
and “emmeans” packages (Kassambara, 2020a; Kassambara, 2020b;
Lenth & Lenth, 2018; Wickham et al., 2019) in the R program (R-Studio
version 4.0.1 for Windows). Differences were considered significant if
p <0.05 (*p < .05, **p < .01, ***p < .001, ****p < .0001).

Genes, functions, and primer sequences for all target and reference genes examined in quantitative real-time PCR analysis.

TABLE 1

Database accession

number

Associated

Reverse primer sequence (5'-3')
AAGGAGACCATTCAGCAGGACAG

Forward primer sequence (5'-3')

neurotransmitter

Function

Gene

DGD____RWIBeR

NM_131595.2°

GGCGAAGAGCGGACGAATATC

Acetylcholine

Converts acetylcholine into choline and

Acetylcholinesterase (ACHE)

acetate

XM_017354058.2%

NM_178306.3°

GACGGAAGATGATCGGAGACA  CCGCCATGTTCCGATTTCT

Dopamine
CAGTTCAGTCAGGAGATTGG

Converts tyrosine into .- DOPA

Tyrosine hydroxylase (TH1)

GACAGTGCGTGCTTCAG

Serotonin

Converts tryptophan into

Tryptophan hydroxylase

5-hydroxytryptophan
Synthesis of GABA through

(TPH1)

NM_131846.2%

CATACGCACAATACGCTGCC TACACAGCACCATGCGAGTT

GABA

Glutamate decarboxylase

decarboxylation of glutamate

(GAD1B)
Gaba receptor (GABA1)

NM_194419.1°

CCTTTACAGACACGGCCATT NM_001077326.1°

TGAGGACATTTCCAGCCTTC

AAGAGCCAAAACCCAAACCT

GABA

GABAA receptor

AACTCAGGCGATTGTTGCAT

BDNF

Neuroprotection, neuronal growth, and

Brain-derived neurotrophic

regeneration

factor (BDNF)

B-Actin

NM_181601.5°

- CTGTTCCAGCCATCCTTCTT TGTTGGCATACAGGTCCTTAC

Endogenous control

2NCBI database (available at https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi).
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3 | RESULTS

3.1 | Behavioral responses

The total time spent in each area of the tank is presented in Figure 2.
For the fish exposed to alcohol (Figure 2a), three-way ANOVA revealed
significative effects of areas (F, 532 = 83.18, p < .001), but no effects of
alcohol (Fy532 = 0.001, p =.99) and profile (Fys3; = 0.001, p =.97).
The interaction terms alcohol x areas (F453, = 20.75, p <.001) and
alcohol x areas x profile (F4532 = 4.35, p = .002) were found signifi-
cant, but the interaction terms profile x area (Fp 532 = 2.77, p = .06)
and profile x alcohol (Fz532 = 0.002, p =.99) were non-significant.
The Bonferroni post hoc test showed that bold 0.10% and bold 0.50%
spent more time in the flat area than bold 0.00%, and shy 0.50% spent
more time in the flat area than shy 0.00%. Regarding time spent in the
ramp area, bold 0.00% differed from bold 0.10% and bold 0.50%, while
shy 0.00% differed from shy 0.50% (p < .05).

For the animals treated with nicotine (Figure 2b), three-way
ANOVA showed significant effect of areas (Fy 540 = 62.48, p < .001),
but no effect of nicotine (Fys560=0.001, p=.99) and profile
(F1,560 = 0.001, p =.96). The interaction terms nicotine x areas
(Fa560 = 20.32, p <.0001), areas x profile (Fss540 =3.93, p =.02),
and nicotine x areas x profile (F4 560 = 2.49, p = .04) were found sig-
nificant. The Bonferroni test showed that bold 1.00, bold 5.00, shy
1.00, and shy 5.00 spent more time in the flat area than the control
animals (bold and shy 0.00). Therefore, bold and shy 0.00 animals
spent more time in the ramp area (p < .05). The interaction term nico-
tine x profile (F2,560 = 0.002, p = .99) was non-significant.

Figure 3 shows the average distance from the object. For alcohol
treatment groups (Figure 3a), object distance varied between treat-
ments and two-way ANOVA revealed statistical significance for alco-
hol treatment (F,s3 =11.94, p <.001). No significant effect was
observed for profile (F1s3 = 0.11, p =.73) and the interaction term
alcohol treatment x profile (F, 53 = 1.24, p = .2). The Bonferroni test
showed that the bold 0.10% and 0.50% and shy 0.50% groups had a
higher mean object distance than the bold and shy 0.00% groups
(p < .05). For the zebrafish exposed to nicotine (Figure 3b), two-way
ANOVA indicated no significant effects of the profile (F149 = 2.24,
p =.14) or the interaction term nicotine treatment x profile
(Fo49 = 2.17, p = .12), but statistical significance was observed for
nicotine treatment (F,49 = 7.74, p =.001). The Bonferroni test
revealed that the shy 1.00 and 5.00 groups kept more distance from
the object than the other groups (p < .05).

Figure 4 shows other locomotor parameters (total distance trav-
eled) and anxiety-like behaviors (distance from the bottom of the tank
and time immobile) of zebrafish after alcohol and nicotine exposure.
Regarding alcohol exposure, for total distance traveled, two-way
ANOVA showed a significant effect of alcohol (Fps3=1.18,
p < .0001), but no significant effects of profile (F1 53 = 43.43, p = .66)
and the interaction term profile x alcohol (F, 53 = 1.80, p = .17). The
post hoc test also indicated that bold 0.00% differed from bold 0.10%
and 0.50%, and shy 0.00% differed from shy 0.10% and 0.50%
(p < .01; Figure 4a). Regarding distance from the bottom of the tank

(a) Flat Ramp Object
100 *
b b b
b
. b
x Alcohol
@ 0.00%
- a 0.10%
g 50 0.50%
@ a -
< a
[ a
£ a
[= a
25 i
0 D [
Bold Shy Bold Shy Bold Shy
(b) Flat Ramp Object
100+ ¢ *
b
ab
751 be
=x b
% b ab o
o Nicotine
_g 504 a ac 0.00mg/L
3 1.00mg/L
£ a 5.00mg/L
g
E a
25+ c
ol i i | \:._.
Bold  Shy Bold  shy Bold  shy

FIGURE 2 Zebrafish behavior in the exploration tank with ramp
after (a) alcohol or (b) nicotine treatment. The experimental tank was
divided into three areas: a flat area, a ramp area, and an object area
located at the top of the ramp. Fish were acutely treated with alcohol
(60 min, n = 10 per group) or nicotine (3 min, n = 10 per group) and
then placed in the ramp tank (flat area). Behavior was recorded for

10 min. Results are presented as mean + SEM. Different letters
indicate statistically significant differences between treatments in
each area (bold and shy groups: three-way ANOVA, p < .05). Asterisks
indicate statistically significant differences between areas (p < .05).

(Figure 4b), two-way ANOVA showed that there was no statistical sig-
nificance for behavioral profiles (F1 53 = 3.32, p = .07) and the inter-
action profile x alcohol (F,53 = 1.03, p = .36). However, statistical
significance was observed for alcohol concentrations (F,s3 = 8.81,
p = .0004). Bold and shy 0.50% differed in distance from the bottom,
and shy 0.50% was closer to the bottom of the tank. For time immo-
bile (Figure 4c), two-way ANOVA revealed no statistical significance
of profiles (F1 53 = 0.22, p = .63) and of the interaction profile x alco-
hol (F253 = 1.64, p = .20), but statistical significance was observed for
alcohol treatment (F, 53 = 46.04, p = .0001). The Bonferroni post hoc
test revealed that bold 0.00% differed from bold 0.10% and 0.50%,
and shy 0.00% differed from shy 0.10% and 0.50% (p < .01).

Figure 4 also shows the locomotor and anxiety-like parameters of
fish after acute nicotine exposure. For total distance traveled, two-
way ANOVA showed a significant effect of nicotine (F,49 = 11.81,
p < .0001) but not of profile (F1 49 = 0.12, p = .72) and the interaction
term profile x nicotine (Fp49 = 0.02, p = .97). The post hoc test indi-
cated that bold 0.00 differed from bold 1.00, and shy 0.00 differed
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FIGURE 3 Average distance from the object (mean + SEM).
Zebrafish were acutely exposed to (a) alcohol (60 min) or (b) nicotine
(8 min) and then tested in the ramp tank (10 min). Solid lines indicate
statistically significant differences between treatments in the same
profile. Dotted lines indicate statistically significant differences among
profiles (bold and shy groups). Asterisks indicate values of statistical
significance (*p < .05, **p < .01).

DGD____ SIS
Development, Growth & Differentiation

from shy 1.00 (p < .01; Figure 4d). For the anxiety-like behaviors,
two-way ANOVA showed that there was no statistical significance
for behavioral profiles (F149 = 2.07, p =.15) and the interaction
profile x nicotine (F49 = 1.03, p =.36) regarding the distance
from the bottom of the tank (Figure 4e). However, statistical signifi-
cance was observed for nicotine concentrations (F;49 = 13.78,
p = .0001), with bold 0.00 differing from bold 5.00 and shy 0.00 dif-
fering from shy 1.00 and 5.00. For time immobile (Figure 4f), two-
way ANOVA revealed no statistical significance of profiles
(Fr49 = 1.82, p =.18) and of the interaction profile x nicotine
(F2,49 = 0.05, p = .94), but statistical significance was observed for
nicotine treatment (F,49 = 31.65, p =.0001). The Bonferroni test
revealed that bold 0.00 showed less time immobile than bold 1.00
and 5.00, and shy 0.00 differed from shy 1.00 and 5.00 (p < .01;
Figure 4f).

3.2 | Molecular responses

The molecular investigation revealed different gene expression pat-
terns between different zebrafish behavioral profiles after exposure
to alcohol and nicotine. The dot plot presented in Figure 5a shows
an increase in the expression of genes associated directly or indi-
rectly with alcohol. Two-way ANOVA showed statistically significant
differences for some genes between alcohol treatments. For tphl,
statistical significance was observed for alcohol treatment
(F2,30 = 14.6, p < .0001), but no statistical significance was found for

behavioral profiles (F; 30 = 0.25, p = .61) or the interaction profile x
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FIGURE 4 Locomotor and anxiety-like behavior of zebrafish with different profiles for 10 min in the test tank after alcohol or nicotine
exposure. Results are presented as mean + SEM. (a-c) Total distance traveled (a), distance from the bottom of the tank (b), and time immobile
(c) of animals treated with alcohol. (d-f) Total distance traveled (d), distance from the bottom of the tank (e), and time immobile (f) of animals
treated with nicotine. Two-way ANOVA was performed. Solid lines indicate statistically significant differences between treatments for each
profile. Dotted lines indicate statistically significant differences among behavioral profiles. Asterisks indicate values of statistical significance

(*p < .05, **p < .01, ***p < .001, ****p < .0001).
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alcohol (F3 30 = 2.42, p = .10). The tph1 gene was upregulated 2.83-
and 3.11-fold in bold 0.10% and 0.50% compared to bold 0.00%
(Bonferroni p < .05).

For gabal, two-way ANOVA showed statistical significance for
alcohol treatment (F,30 = 6.10, p =.006), but no statistical signifi-
cance was found for behavioral profiles (F1 30 = 0.001, p = .97) or the
interaction profile x alcohol (F530 = 1.14, p = .33). The gabal gene
was downregulated in shy 0.10% (0.87-fold), while it was upregulated
1.85-fold in shy 0.50% (p < .05, Bonferroni post hoc test).

Regarding bdnf, two-way ANOVA showed statistical significance
for alcohol treatment (F, 30 = 12.07, p = .0001), and no statistical sig-
nificance for behavioral profiles (F1 30 = 2.96, p = .95) or the interac-
tion profile x alcohol (Fp30 =1.38, p =.26). The bdnf gene was
upregulated 1.58- and 1.92-fold in bold 0.50% and shy 0.50%, respec-
tively (p < .05, Bonferroni post hoc test). Moreover, bdnf was 1.54-
and 1.58-fold upregulated in bold 0.10% and 0.50% compared to bold
0.00%, respectively, and it was 1.92-fold upregulated in shy 0.50%
compared to shy 0.00% (p < .05, post hoc test).

Concerning the mRNA levels of the other genes, there was no sig-
nificant effect of profile, alcohol concentration, or profile x alcohol
(ache—profile: Fq30 = 3.15; alcohol: F,30 = 1.35; profile x alcohol:
F230=0.00; all p>.08; thi—profile: F;30= 0.47; alcohol: F;30.
= 2.14; profile x alcohol: F30 =0.07; all p >.13; gadlb—profile:
F1.30 = 0.57; alcohol: F3 30 = 0.82; profile x alcohol: F; 30 = 1.91; for
allp > .16).

The dot plot presented in Figure 5b shows variation in genes
expression associated with nicotine exposure for bold and shy zebra-
fish. For ache, two-way ANOVA revealed statistical significance for
nicotine treatment (F, 30 = 10.69, p = .0003) and the interaction pro-
file x nicotine (F;30 = 3.47, p = .04) between bold 1.00 (1.21-fold
change) and shy 1.00 (2.33-fold change). No statistical significance
was found for behavioral profiles (F1 30 = 1.88, p = .18). In the bold
5.00 group, ache was upregulated compared to bold 0.00 (4.63-fold
change) and 1.00 (Bonferroni post hoc test).

For th1, two-way ANOVA revealed a significant effect of nicotine
treatment (Fy30 = 15.08, p <.0001) as well as behavioral profiles
(F130 =4.98, p=.03). The Bonferroni post hoc test demonstrated
downregulation in response to a concentration of 1.00 mg/L for the
bold behavioral profile (0.54-fold change) and the shy behavioral profile
(0.48-fold change). Furthermore, in the bold 1.00 and 5.00 groups, th1
was downregulated (0.48- and 0.53-fold change) compared with
bold 0.00 (p <.01, Bonferroni post hoc test). The interaction
profile x nicotine was not statistically significant (F, 30 = 0.69, p = .5).

As regards tph1 mRNA levels, two-way ANOVA demonstrated sta-
tistical significance for nicotine treatment (F5 30 = 35.19, p < .0001) and
the interaction profile x nicotine (F230 = 4.21, p = .02). Compared to
bold 0.00, the tph1 gene was upregulated 3.28-fold in the bold 1.00
group (p < .01, Bonferroni post hoc test) and 6.34-fold in the bold 5.00
group (p < .01, Bonferroni post hoc test). Similarly, for the shy profile,
tph1 was upregulated 2.56-fold in the shy 1.00 group (p < .01, Bonfer-
roni post hoc test) and 2.40-fold in the shy 5.00 group (p < .01, Bonfer-
roni post hoc test). No significant effect was observed for behavioral
profiles (F1 30 = 0.33, p = .5).
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FIGURE 5 Dot plot visualization of RT-gPCR analysis of relative
mRNA expression (fold change) of bold and shy zebrafish exposed to
alcohol or nicotine. Target genes are known to be affected directly or
indirectly by alcohol and nicotine. Acetylcholinesterase (ache), brain-
derived neurotrophic factor (bdnf), GABA4 receptor (gaba1l),
glutamate decarboxylase (gad1b), tyrosine hydroxylase (th1), and
tryptophan hydroxylase (tph1) were analyzed. mRNA expression was
compared between alcohol or nicotine treatments within the
behavioral profiles (bold and shy). All RT-gPCR analyses were
conducted in triplicate. Two-way ANOVA followed by the Bonferroni
test was performed (p < .05). Solid lines indicate statistically
significant differences between treatments in each profile. Dotted
lines indicate statistically significant difference among behavioral
profiles. Asterisks indicate values of statistical significance (*p < .05,
**p < .01, ***p <.001, ****p < .0001).

As regards gad1b, two-way ANOVA demonstrated statistical sig-
nificance for the interaction profile x nicotine (F5 30 = 3.89, p = .03),
but no effect of the isolated terms nicotine treatment (F530 = 1.14,
p=.33) and behavioral profiles (F130=0.36, p=.54). In the

85USD 17 SUOWILLIOD BAIERID) B[qed1 dde 3Ly AQ pauieA0h a1 BRI VO (88N JO S3|NJ 104 ARG 1T BUIIUO AB]IAN UO (SUORIPUOI-PUR-SWLR} WD A8 I ARe1q 1]BU1IU0// A1) SUORIPUOD pUe SWS L 34} 89S *[7202/E0/TT] U0 Aiqi auliuo ]I ‘SLON Op 8pueIS 01y Op [BBpS- 8PePSRAIIN - NN Ad 92821 PBP/TTTT 0T/10p/L0d M| 1M Ate.q1 Ul UO//SARY WOy papeojumoq ‘g €202 ‘X69TOTYT



ARAUJO-SILVA ET AL.

bold 1.00 group, gad1lb was downregulated (0.79-fold change) com-
pared with the bold 0.00 group (Bonferroni post hoc test), and in the
shy 1.00 group, gadlb was upregulated (1.53-fold) compared with
the shy 0.00 group (Bonferroni post hoc test).

With respect to bdnf mRNA levels, two-way ANOVA demon-
strated statistical significance for nicotine treatment (F530 = 16.33,
p < .0001) and behavioral profiles (F1 30 = 10.10, p = .03), but not for
the interaction profile x nicotine (F, 30 = 0.00, p = .9). The bdnf gene
was 2.37- and 2.51-fold upregulated in the bold 1.00 and 5.00 groups
compared with bold 0.00 (p < .01, Bonferroni post hoc test), and in
the shy 1.00 and 5.00 groups, bdnf was upregulated 2.42- and
2.36-fold compared with shy 0.00 (p < .01, Bonferroni post hoc test).
For gabal, there was no significant effect of profile, nicotine treat-
ments, or profile x nicotine (profile: F1 30 = 2.90; nicotine: Fp 30 = 0.59;

profile x alcohol: Fo 30 = 1).

4 | DISCUSSION

In this study, we observed that alcohol and nicotine differently
affect bold and shy zebrafish, both altering the behavioral response
and gene expression. We applied an anxiety evaluation test from
Walsh-Monteiro et al. (2016) adapted to a single ramp, which has
proved to be an effective tool to highlight the differences in behav-
ioral profiles under the effect of alcohol and nicotine. An initial dark
area triggered the zebrafish's innate preference for dark hidden
places (Maximino et al., 2011; Tudorache et al., 2013), whereas both
the drugs (nicotine and alcohol) and fish profiles (bold and shy) led
to changes in anxiety and locomotion and boosted the expression of
genes related to neuronal protection (bdnf), toxicity (ache), and
serotonin production (tph1) in the brain. This is the first study to
combine gene expression and individual behavioral profiles in the
analysis of the response to alcohol and nicotine. Here we found a
strong relationship between serotonin synthesis (expression of
tph1) and profiles under acute drug exposure, suggesting the sero-
tonergic pathway plays a role in the mechanisms by which genetic
risk factors affect drug use.

In the behavioral tests, in which fish explored a tank with a ramp,
we observed differences in the time each animal spent in the three
established areas. Control animals (bold and shy without drugs) spent
more time in the ramp area independent of the behavioral profile.
These findings indicate the context used triggered similar responses in
bold and shy zebrafish. The tank used here not only included a ramp,
which demands risk taking for exploration, but also presented a novel
object. Thus, it may have imposed a high level of anxiogenic stimulus
and hindered the observation of differences between bold and shy
zebrafish shown in other studies (Alfonso et al, 2020; Bellot
et al,, 2022). In other behavioral tests, bold zebrafish were shown to
present faster habituation (Found, 2019), a weaker anxiety-like
response (Araujo-Silva et al., 2020), and less social attachment
(Araujo-Silva et al., 2018).

However, the drug exposure showed a few differences between

profiles. Alcohol exposure (0.10%) increased anxiety-like behavior

DGD____ BWIBeR

only in bold zebrafish, while shy animals did not change behavior. On
the other hand, 0.50% alcohol exposure caused anxiogenic effects
both in bold and shy zebrafish. The reduction in locomotion and the
increase in freezing observed in these animals may be explained by
the alcohol and context effects, which seem to have a synergic
response. Thus, our results suggest that individual differences in
behavior are dependent on the interaction between the profile (bold
or shy), the alcohol concentration, and the context to which the ani-
mals are exposed. These findings agree with the literature (Bellot
et al., 2022; Dean et al., 2020) indicating the disparity between pro-
files in terms of drug responsiveness. However, we observed here
that shy animals seem to be more resistant to 0.10% than bold ones,
contradicting our previous studies (Araujo-Silva et al., 2018; Araujo-
Silva et al., 2020). This difference may be attributed to the context
used, as we have previously tested a social context, in which shy ani-
mals show high affinity. For instance, Mathur and Guo (2011) showed
that shy fish exposed to 0.10% and 0.50% alcohol exhibited less tank
bottom dwelling while high doses increase anxiety-like behaviors in
the novel tank (a tank with no other stimuli), different from the tank
used herein (novel, with ramp and object). Thus, behavioral differ-
ences in the response to alcohol seem to be context- and profile-
dependent and should be considered to improve our understanding of
individual differences in the response to drugs and their respective
treatment designs.

Targets to treat drug use/abuse are usually the reward system,
which is dominated by dopamine; however, other neurotransmitter
systems are also involved in the reinforcing alcohol effects and
deserve attention. According to previous research (Rico et al., 2011;
Schneider, 2017), alcohol exposure modulates locomotion and anxiety
by altering cholinergic, dopaminergic, serotoninergic, and GABAergic
transmission, which were assessed here by analyzing the expression
of ache, th1, tph1, gadlb, and gabal in bold and shy zebrafish. Ache
showed no changes upon alcohol exposure, corroborating other stud-
ies of acute exposure (Agues-Barbosa et al., 2022; Rico et al., 2007;
Torres et al., 2021). Another study previously pointed out that acute
alcohol exposure increases serotonin levels in zebrafish (Gerlai
et al., 2009), but differences between profiles were not considered.
The results obtained here indicate that bold individuals show a differ-
ent pattern of brain activity under alcohol effects, which should be
considered when evaluating the biological pathways underlying alco-
hol use risk between individual profiles. In fact, Underwood et al.
(2007) showed that alcohol-addicted rats had increased levels of the
tryptophan hydroxylase enzyme in the dorsal raphe region, suggesting
an attempt to generate a compensatory mechanism to normalize sero-
tonin levels. Miller, Ziani, et al. (2020) observed that tph1 plays a role
in the anxiety responses, observing a direct involvement of the sero-
tonergic system following exposure to 0.25% and 0.50% alcohol. The
behavioral effects of alcohol have been related to the agonistic action
of the drug not only on the serotonergic systems, as we observed
herein, but also on the GABAergic system. Gadlb encodes the
enzyme responsible for GABA synthesis via glutamate decarboxyl-
ation. As such, the higher the expression of gadlb, the higher the
availability of GABA in the brain (O'Connor et al., 2019). We observed
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no increase in the expression of gad1b, which may be related to the
time of exposure to the drug.

Although the neurotransmitter systems discussed here are
involved in the disturbing effects of alcohol on brain function, bdnf
expression is beneficial. Bdnf encodes a neurotrophin that is involved
in neuroprotection, neuronal growth and differentiation, and synaptic
plasticity (Lucini et al., 2018). Its increased expression in bold and shy
zebrafish suggests that acute threats to brain function trigger an
immediate action to protect neurons, regardless of the animal's behav-
ioral profile. Other studies observed higher levels of bdnf in zebrafish
exposed to drugs (Capiotti et al., 2011; Miiller, Fontana, et al., 2020),
in accordance with the increased expression observed here.

In contrast to the depressant effects of alcohol, nicotine is consid-
ered a stimulant drug. Both alcohol and nicotine are highly addictive.
For nicotine, the behavioral tests in this study also revealed
differences between behavioral profiles. We observed that shy indi-
viduals presented stronger anxiety-like responses when exposed to
1.00 mg/L nicotine compared to bold individuals, but a higher concen-
tration of the drug induced anxiogenic responses in both profiles.

Evidence shows that acute nicotine treatment in zebrafish posi-
tively modulates cognitive responses and triggers anxiolytic responses
in various behavioral tasks (Eddins et al., 2009; Levin et al., 2007;
Singer et al., 2016; Ziani et al., 2018). In the present study, nicotine
exposure affected the locomotor parameters by reducing the swim-
ming speed and distance traveled in both profiles. This reduction in
locomotor parameters may be related to the anxiolytic effect of nico-
tine, since it is mainly associated with the action on nAChRs
(Bencan & Levin, 2008). These findings agree with previous studies, in
which nicotine led to altered swimming patterns. We could see that
bold 5.00 zebrafish were more anxious, while shy 1.00 and bold 1.00
behaved similarly.

Concerning alterations to gene expression upon acute nicotine
exposure, our study reports the implication of the cholinergic system
in modulating the rewarding properties of the drug. The nAChRs
mediate rapid synaptic communication in neuronal synapses, playing a
central role in nicotine addiction (Zarkadas et al., 2022). Another
important point to highlight is that bold 1.00 zebrafish expressed
less ache compared to shy 1.00. Moreover, cholinergic transmission
modulates both the dopaminergic and serotoninergic systems
(Cachope et al., 2012; Kosillo et al.,, 2016; Peters et al., 2021;
Threlfell et al., 2012). Here, th1 and tph1 were down- and upregu-
lated, respectively. The reduction in thl expression is expected due
to the heterogeneity of nAChR subtypes, which are differently regu-
lated by nicotine (Di Chiara, 2000; Mugnaini et al., 2006). Regarding
tph1 expression, bold individuals exposed to 5.00 mg/L nicotine
showed higher tph1 expression levels than individuals in the other
groups. Considering serotonin is related to pleasure, welfare, and
cognitive functions, these changes could be involved in nicotine
dependence in bold animals (Herculano & Maximino, 2014; Leite-
Ferreira et al., 2019).

Again, although nicotine causes several changes to brain neuro-
transmission, in both profiles it increased the expression of bdnf,

which is often positively correlated with neuronal protection,

synaptogenesis, and plasticity (Park & Poo, 2013). Overall, our experi-
mental findings support the involvement of bdnf in nicotine-induced
neurochemical changes observed in dopaminergic and serotoninergic
neurons. We also analyzed the expression of gad1b and gabal due to
the potential changes in GABAergic neuronal activity in the brain after
acute treatment with nicotine. No changes were observed in the
expression of the gabal receptor, but gad1b expression was higher in
shy 1.00 than in bold 1.00, indicating that these profiles possibly differ
in their responsiveness to these drugs.

In summary, further research is needed to explore the impact of
different contextual apparatuses on zebrafish behavior and under-
stand how specific stimuli affect their exploratory patterns. Our pro-
posed tank presents a new approach to assessing anxiety-like
behavior in zebrafish, but additional tests are necessary to validate
and strengthen this method. Although the modified plus maze with a
ramp offers benefits, such as evaluating predator exposure behavior,
it also introduces potential confounding factors. For instance, the
presence of an object on the ramp could induce anxiety, potentially
influencing observed behaviors and complicating the interpretation of
the results. As an alternative for future work, we suggest removing
the object from the top of the ramp.

Here we observed that bold and shy individuals present different
behavioral and brain activity following acute drug exposure: bold indi-
viduals showed higher sensitivity to alcohol while shy individuals were
more susceptible to nicotine. Other studies are still needed to evalu-
ate how zebrafish with different behavioral profiles deal with chronic
exposure to drugs and to observe other alterations that vary accord-
ing to the genetic background of the bold-shy continuum, which may
indicate whether tolerance manifests differently in bold and shy indi-
viduals. Understanding the differences between the profiles of a pop-
ulation is essential to elucidate why individuals exhibit drug-seeking
behavior and what are the consequences of long-term abuse to facili-

tate prevention and treatment strategies.

5 | CONCLUSION

In conclusion, we examined some changes in behavior and gene
expression resulting from acute alcohol and nicotine exposure in zeb-
rafish with different behavioral profiles. The results obtained are
robust and confirm that there are differences between bold and shy
zebrafish from the behavioral and genetic points of view, which were
shown to be context-, drug concentration-, and profile-dependent. To
better elucidate the effects of alcohol and nicotine on the neurophysi-
ology of individuals and suggest new addiction treatments, new stud-
ies correlating dopamine and serotonin levels are needed to close the
gaps that permeate studies involving behavioral profiles and drug
effects on the nervous system.
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