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ARTICLE INFO ABSTRACT

Keywords: The zebrafish (Danio rerio) has become a valuable model organism for behavioral studies examining learning and
Avoidance learning memory. Its diurnal circadian rhythm and characterized sleep-like state make it comparable to mammals, fea-
Memory tures that have contributed to establishing this small vertebrate as a translational model for sleep research.
;eesetpdeprivation Despite sleep being an evolutionarily conserved behavior, its mechanisms and functions are still debated. Sleep

deprivation is commonly associated with decreased attention, reduced responsiveness to external stimuli, altered
locomotor activity and impaired performance on cognitive tasks. In the current study, we examined the effects of
partial and total sleep deprivation on zebrafish learning performance in an active avoidance conditioning
paradigm. In addition, we examined the effects of two drugs known to alter sleep (alcohol and melatonin) on
learning performance in sleep deprived animals. Our results suggest that although partial sleep deprivation did
not alter learning performance, total sleep deprivation was found to significantly impair behavioral responses to
the electric shock as well as avoidance learning. However, when sleep deprived fish were treated with alcohol
the night before the learning task, learning performance was similar to the control group. In contrast, melatonin
treatment did not alter learning performance in sleep deprived animals. We conclude that the zebrafish is a
sensitive tool for investigating the effects of sleep deprivation on cognitive performance and may be a useful

Danio rerio

model for dissecting the mechanisms underlying learning and memory.

1. Introduction

The zebrafish (Danio rerio) has emerged as a vertebrate model in
neuroethology, genetics and developmental biology over the past dec-
ades, and it has gained popularity in behavioral studies focusing on
learning and memory (Luchiari et al., 2015; Spence et al., 2008). This
small fish has a well characterized sleep-like state distinguished by
circadian regulation, periods of inactivity accompanied by an increased
arousal threshold, resting place preference and sleep rebound home-
ostasis (Yokogawa et al., 2007; Zhdanova, 2006a). These features in
combination with the zebrafish diurnal circadian rhythm (del Pozo
et al., 2011) have established the species as a relevant and translational
model for sleep research.

Sleep is an evolutionarily conserved phenomenon observed in most
vertebrates (Schmidt, 2014; Zhdanova, 2011). Although the mechan-
isms and functions of sleep is still debated, it is a common biological
need and clearly important for the learning process and memory con-
solidation (Graves et al., 2003; Jenkins and Dallenbach, 1924;
Leibowitz et al., 2006; Marshall and Born, 2007; Rasch and Born, 2013;

Stickgold and Walker, 2013; Watson and Buzséki, 2015). Deficits as-
sociated with altered sleep include reduced attention and health-related
problems, which have been demonstrated both clinically and experi-
mentally (Alhola and Polo-Kantola, 2007; Killgore, 2010; Raidy and
Scharff, 2005; Van Cauter et al., 2008; Van Dongen et al., 2012). In the
United States alone, it is estimated that 50-70 million people suffer
from sleep disorders with the majority not being properly diagnosed or
treated (Colten and Altevogt, 2006).

Sleep deprivation (SD) negatively impacts the quality of life and
normal physiological functions (Leibowitz et al., 2006). Research has
shown that sleep deprivation can significantly affect memory con-
solidation (Andersen et al., 2008; Killgore, 2010; McGaugh, 2000;
Rasch and Born, 2013; Stickgold and Walker, 2013; Watson and
Buzsédki, 2015), with substantial impairment observed when sleep de-
privation takes place during memory acquisition. Memory consolida-
tion is often dependent on sleep-stage. For instance, hippocampus-de-
pendent memories such as declarative and spatial memories are
supported by slow-wave sleep and are more severely disrupted by sleep
deprivation (Graves et al., 2003; Marshall and Born, 2007). Studies of
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Yu et al. (2006), Zhdanova et al. (2008, 2001) and also Pinheiro-da-
Silva et al. (2017) demonstrated deficits in learning following sleep
deprivation in zebrafish. However, the effects of sleep deprivation on
forms of learning that are more critical for survival, such as aversive
avoidance learning, has been little studied in zebrafish.

In avoidance learning paradigms, the conditioning process is highly
dependent on the nature of the unconditioned stimuli. In classical
conditioning protocols, animals learn to associate a neutral conditioned
stimulus (CS) with an unconditioned stimulus (US), independent of its
appetitive or aversive properties. In a situation where the uncondi-
tioned stimulus causes an instinctive avoidance reaction (uncondi-
tioned response), the animal responds by actively escaping the aversive
stimulus (Moore, 2004, 1973). Learned responses using this type of
conditioning are valuable due to its adaptive value. Research has shown
that stressful situations such as avoidance conditioning may affect the
quality of sleep (Machida et al., 2013), as well as subsequent reactions
to the aversive stimuli in zebrafish (Champagne et al., 2010). However,
to what extent sleep deprivation interferes on the learning of an aver-
sive stimulus and its subsequent avoidance still needs investigation.

Numerous neurotransmitter systems that are implicated in the reg-
ulation of sleep and in the process of learning (Jones, 2000) are also
affected by some drugs, such as alcohol (Koob and Roberts, 1999;
Vengeliene et al., 2008). Alcohol is one of the most commonly con-
sumed drug in the world and has an enormous societal impact in terms
of lost workplace productivity, negative health consequences, and costs
associated with the treatment of alcoholism (OMS, 2002; WHO, 2012).
Alcohol is a central nervous system depressant and its sedative effects
are known to affect sleep as well as behavioral responses during wake
state (Gerlai et al., 2000; Stein and Friedmann, 2005). Since ethanol is a
small and water-soluble molecule, its effects on the brain are widely
diffused. As a result, the mechanisms through which alcohol alters
brain function and sleep are poorly understood. However, alcohol has
been shown to have both beneficial and adverse effects on sleep and
sleep disorders, which are dependent on numerous factors including but
not limited to dose, intake frequency, tolerance, and abuse (Roehrs
et al., 1999; Roehrs and Roth, 2001).

On the other hand, this vertebrate organism produce a small mo-
lecule that exhibits a circadian rhythm and has been suggested to
promote sleep, the melatonin (Brzezinski et al., 2005; Zhdanova et al.,
2001). Melatonin synthesis by the pineal gland is regulated by the
circadian clock, with synthesis occurring primarily at night, and the
levels acutely suppressed by light exposure. Due to melatonin’s high
lipid solubility and ability to cross cell membranes, melatonin can be
quickly distributed throughout the organism (Zhdanova, 2006b). Exo-
genous melatonin administration has been shown to act as sleep-pro-
motor in diurnal vertebrates including humans (Arendt and Skene,
2005; Brzezinski et al., 2005; Mintz et al., 1998; Van Den Heuvel et al.,
2005; Zhdanova et al., 2001). Melatonin injections in pigeons and ro-
dents have also been demonstrated to entrain circadian rhythms of
activity (Phillips and Berger, 1992; Yamada et al., 1988). As well as for
alcohol, melatonin effects on behavior have been reported in both fish
and mammals (Brower, 2003; Brzezinski et al., 2005; Fairclough and
Graham, 1999; Roehrs and Roth, 2001; Stein and Friedmann, 2005;
Zhdanova et al., 2002), while its effects on sleep deprived fish remain
unknown.

In order to examine behavioral mechanisms of learning and memory
in zebrafish subjected to sleep deprivation, we used an avoidance
conditioning paradigm similar to previous studies (Blank et al., 2009;
Manuel et al., 2014; Pradel et al., 1996; Xu et al., 2007). However, we
approached short-term memory due to its higher vulnerability com-
pared to long-term memory. In addition, to examine the effects of sleep
altering drugs, we also observed the behavioral response in sleep-de-
prived fish exposed to alcohol or melatonin. Therefore, we hypothe-
sized that (1) sleep deprivation, negatively impacts short-term memory
formation of an aversive experience, while (2) alcohol and melatonin
promotes sleep and ameliorate the effects of sleep deprivation in
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zebrafish.
2. Material and methods
2.1. Ethical approval

All experiments were performed in accordance with the Ethics
Committee for Animal Use of the Federal University of Rio Grande do
Norte (application number: CEUA 022/2012).

2.2. Animals and stock conditions

Adult wild-type zebrafish (Danio rerio, 3 months old, mixed sexes)
were purchased from a local fish farm and transferred to a storage
system (50L tanks) at the Ornamental Fish Vivarium, Department of
Physiology - UFRN. The storage system consisted of four 50-L tanks in a
closed recirculation system with mechanical, biological, and chemical
filtration and UV disinfection. Animals were housed (in a proportion of
one fish/L) with aerated and filtered water, with temperature (28 °C),
pH (7.1) and oxygen measured regularly. Fish were kept on a 12:12h
light-dark cycle, with zeitgeber time (ZT) O corresponding to lights on
time (07a.m.-07p.m.), and light intensity was measured at 250 Ix.
Zebrafish were fed twice a day, mornings and afternoons, with brine
shrimp and commercial diet (60% protein and 15% fat, Nutricom Pet).

2.3. Sleep conditions and drug treatments

The light -dark cycle is the major zeitgeber for circadian rhythms in
most animals. (Krieger, 1979; Panda et al., 2002). The control group
was maintained on a 12L:12D light:dark cycle. Constant light condi-
tions can suppress sleep behavior in some species (Berger and Phillips,
1994; Deprés-Brummer et al., 1996) and prior research has demon-
strated that light suppresses sleep in zebrafish with no evidence for
rebound during the light phase (Yokogawa et al., 2007). Thus, we used
two different light treatments to induce sleep deprivation. Sleep de-
privation was achieved by both extending the light phase of the cycle
and by exposing fish to light-dark cycle during the dark phase. The
partial sleep deprivation condition consisted of 18 h of light (extended
light phase) followed by only 6 h of dark (18L:06D), whereas the total
sleep deprivation condition consisted of 18 h of light followed by 6 h of
light pulses (6h cycle of 4-min light and 1-min dark). The control,
partial and total sleep deprivation protocols were implemented for 3
consecutive days prior to the learning test. The sleep deprivation pro-
tocol described above have been previously shown to suppress sleep-
like behavior in zebrafish when administered during the dark phase
(Pinheiro-da-Silva et al., 2017). In Supplementary Material we provide
previous data (with the endorsement of the authors mentioned above),
which indicates that partial sleep deprivation and total sleep depriva-
tion lead to differences in zebrafish distribution in the tank and number
of sleep episodes.

To pharmacologically alter sleep deprivation, we treated zebrafish
with melatonin or ethanol in the total sleep deprivation condition.
Melatonin exposure was expected to facilitate sleep entrainment and
suppress the effects of sleep deprivation (Berger et al., 2009; Yamada
et al., 1988), whereas ethanol was expected to disturb sleep and ex-
acerbate the effects of sleep deprivation (Roehrs and Roth, 2001).

Scheer and Czeisler (2005) discussed the efficiency of single and
repeated exogenous melatonin administrations and suggested that re-
peated doses prior to bedtime were more effective in improving sleep.
Therefore, we administered melatonin directly to the housing tank
water at a final concentration of 100 nM, once a day, with 30% of the
tank water being replaced daily for 10 consecutive days prior to the
learning test (adapted from Zhdanova et al. (2008). Note that since the
melatonin treatment lasted 10 days, the sleep deprivation protocol was
conducted on day 8 (the last 3 days of treatment). In contrast, on the
last night of sleep deprivation for the ethanol condition, zebrafish were
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exposed to 0.5% ethanol for 1h prior to the habitual onset of the dark
phase in a 4L tank, and then returned to their housing tank (Gerlai
et al., 2000).

Therefore, the 5 experimental conditions used in the current study
were: Partial Sleep Deprivation (18L:06D, n = 32), Total Sleep
Deprivation (18L:06D + pulses, n = 30), Total Sleep
Deprivation + 0.5% Ethanol (Eth 18L:06D + pulses, n = 26), Total
Sleep Deprivation + Melatonin (Mel 18L:06D + pulses, n = 28), and
Control (12L:12D, n = 24).

2.4. Aversive learning task

An aversive conditioning protocol modified from Blank et al. (2009)
and Xu et al. (2007) was administered to each group described above
and was performed during the daytime (ZT1 - ZT8). Ethanol and
melatonin were not administered during the test day. Zebrafish were
individually tested in a 15 L shuttle box tank (40 x 25 X 20 cm) divided
by an opaque wall with a 2 cm opening at the bottom allowing fish
access to both sides of the tank. The walls of the tank were completely
covered with opaque plastic self-adhesive white films with different
visual cues on the bottom of each side of the tank (white background vs.
black and white grid pattern) (Fig. 1).

In the current study, we used an electroshock apparatus which has
been successfully utilized for cognitive avoidance tasks (Manuel et al.,
2014) to demonstrate learning (Xu et al., 2007) and memory retention
(Blank et al., 2009) in zebrafish. The electroshock apparatus consisted
of 2 manual shock machines, one for each compartment of the shuttle
box, which delivered an electroshock to serve as an aversive stimulus.
Each machine had two electrodes positioned through the wall and
placed on each side of the tank. The electroshock (6 V) was adminis-
tered via two schemes: (a) consistently on one side of the tank (either
the white or checkered pattern side) or (b) on random sides. Half the
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Mel Mel Mel Mel Mel Mel Mel Mel Mel Mel
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Aversive Learning Task

Fig. 1. (a) Schematic overview of the aversive learning apparatus. Tanks were
(15L, 40 x 25 x 20 cm) divided by an opaque wall with a 2 cm opening at the
bottom allowing the fish to swim to both sides. All walls were completely
covered with opaque plastic self-adhesive white films but different visual cues
were present on the bottom of each side of the tank (white background vs. black
and white checkered pattern). Wire electrodes extending through each op-
posing side wall on both sides were attached to a manually operated electro-
shock machine. (b) Representation of the five different treatments applied, with
their respective photoperiods and drugs described. Timeline for sleep depri-
vation and drug administration is shown: SD took place on day 8, 9 and 10.
Melatonin was administered for 10 consecutive days before the test, while
Ethanol were delivered only on night before the test.
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number of animals for each sleep deprivation condition was used for
each electroshock scheme.

Animals were tested only once and individually in the shuttle box
tank which began with a 2-min habituation period. Following habi-
tuation, a 2-s electroshock was applied followed by 60-s interval + 2-s
electroshock and so on, during a 20-min trial. Fish were able to swim to
the other side of the tank to avoid the adverse stimulus, while the shock
was administered on the side corresponding to the respective scheme,
regardless of which side the fish was on.

Behavior responses were recorded during the 20 min following ha-
bituation and analyzed using an automated video tracking software,
ZebTrack. The video tracking software has been previously validated
and settings details have been previously described (Pinheiro-da-Silva
et al., 2017). In short, Zebtrack is capable of quantifying swimming
patterns, including speed, distance travelled, and time spent in pre-
defined areas. To evaluate learning performance in zebrafish, we
quantified the time that fish spent on each side of the tank, as well the
average speed, maximum speed, freezing and total distance traveled
during each trial.

2.5. Statistics

Statistical analysis was performed using SigmaPlot Version 3.5
(Systat Software, San Jose, CA). Paired Student’s t-test was used to
compare the time spent on each side of the tank and One-Way Analysis
of Variance (ANOVA) with Tukey’s Honest Significant Difference (HSD)
tests were used to compare average speed, maximum speed, total dis-
tance traveled, and freezing for each sleep deprivation condition. The
data was shown to be normally distributed and all groups exhibited
equal variance. Differences were considered statistically significant at
p < 0.05.

3. Results
3.1. Aversive learning task

To quantify learning performance, we quantified the amount of time
zebrafish spent on each side of the testing tank. During the test, when
fish received shocks consistently on one side of the tank, the Control
group, Partial SD and Total SD + Ethanol groups learned to avoid the
electroshock by spending more time on the side without the shock
(Student t test: Control group: t(22) = —2.05 p = 0.05; Partial SD
group: t(30) = —3.03 p = 0.005; Total SD + Ethanol: t(23) = —4.19
p = < 0.001) (Fig. 2). However, there were no significant differences
in the time spent on each side of the tank for the Total SD and Total
SD + Melatonin groups (Student t-test: Total SD: t(28) = —1.13
p = 0.27; Total SD + Melatonin: t(26) = —0.62 p = 0.54) (Fig. 2c and
e). In contrast, when electroshocks were randomly administered, all
groups were unable to learn to avoid the shocks and there were no
significant differences in the time spent on each side of the shuttle box
(Student t test: Control group: t(24) = 0.99 p = 0.33; Partial SD group:
t(20) = —0.81 p = 0.42; Total SD group: t(26) = —1.37 p = 0.18;
Total SD + Ethanol: t(28) = —1.49 p = 0.15; Total SD + Melatonin: t
(20) = 0.71 p = 0.48) (Fig. 3).

3.2. Locomotor parameters

While not quantified, visual observation during the test suggested
animals did not exhibit abnormal swimming behavior or were sick.
One-Way ANOVA did not detect significant differences in the average
speed among the five treatment groups (F(4,65) = 0.27 p = 0.89)
(Fig. 4a), but there was a significant main effect of sleep deprivation on
maximum speed (F(4,70) = 3.18 p = 0.019), with the Control group
exhibiting a significantly higher maximum speed compared to all other
groups (Tukey’s HSD test, p < 0.05) (Fig. 4b).

We also observed episodes of freezing behavior, as expected due to
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Fig. 2. Adult zebrafish performance in an avoidance conditioning task following 3 nights of Partial sleep deprivation, Total sleep deprivation and Total SD + Ethanol
or + Melatonin administration. Electroshock (6 V, 2 s, every 1 min) administered on one side only (white side or black/white side). n = 24-32 fish/group. Boxplots
represent the interquartile range divided by a line indicating the median; whisker lines extend to values within 1.5 x of the interquartile range. Significant differences

between sides during the trials are shown with an asterisk (*), p < 0.05.

the aversive nature of the stimulus. There was a significant main effect
of sleep deprivation on freezing behavior (One-Way ANOVA, F(4,
66) = 3.34 p = 0.015), and Tukey’s HST test revealed that fish from the
total SD group froze significant more compared to fish in the control
and Total SD + ethanol groups (p < 0.05). There was also a significant
main effect of sleep deprivation on total distance fish travelled (One-
Way ANOVA, F(4, 70) = 14.97 p < 0.001), and Tukey’s HSD test re-
vealed that the Total SD group travelled a significantly shorter distance
compared to all other groups (p < 0.05) (Fig. 4d).

4. Discussion

In the current study, we found that sleep deprivation impaired
avoidance learning in zebrafish. Although partial sleep deprivation did
not affect learning, total sleep deprivation for 72 h prior to the learning
task significantly decreased avoidance behavior. Notably, when totally
sleep deprived zebrafish were exposed to acute alcohol exposure on the
night prior to testing, the behavioral performance in the avoidance task
was similar to the control group. In contrast, fish treated with mela-
tonin and totally sleep deprived showed hindered learning perfor-
mance. Sleep is an important behavioral state associated with energy
allocation and conservation, synapses remodeling and memory con-
solidation (Schmidt, 2014; Siegel, 2005; Tononi and Cirelli, 2006).
Sleep deprivation reduces cognitive ability and the prolonged depri-
vation of the sleep behavior might cause physical and psychological
deficits (Alhola and Polo-Kantola, 2007; Killgore, 2010; Prince and
Abel, 2013). Our results are in line with these observations, demon-
strating that sleep deprivation in zebrafish significantly impairs cogni-
tive performance.
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In our study, fish exposed to electroshocks on only one side of the
tank learned to avoid the stimulus when they were not sleep deprived
(see Fig. 2). These results are in line with previous studies on avoidance
learning (Blank et al., 2009; Bueno et al., 1994; Manuel et al., 2014; Xu
et al., 2007) and corroborates the ability of zebrafish to learn, form
memory and reactivate the memory related to the aversive stimulus.
The voltage of the electroshock used in our aversive conditioning
paradigm can be considered as a slight stressor. We used 6V for the
electroshock in order to avoid tissue damage, which could affect active
response (Cachat et al., 2011; Egan et al., 2009).

Partially sleep deprived fish were able to respond and learn the
association between the conditioned and unconditioned stimulus si-
milarly to the control group. The performance of partially sleep de-
prived fish may be attributed to some sleep rebound during the shor-
tened dark phase (Schmidt, 2014; Sigurgeirsson et al., 2013). Sleep
rebound is related to a homeostatic sleep response, which is a process
through which partially sleep deprived animals can recover from sleep
debt (Sigurgeirsson et al., 2013; Yokogawa et al., 2007; Zhdanova et al.,
2001). Thus, although partial sleep deprivation reduced maximum
speed and there was a trend towards decreased freezing behavior
(Fig. 4), 6 h of darkness may have been enough to allow zebrafish to
recover from sleep deprivation, which leads to increased performance
as compared to animals in the Total SD condition.

Similar to most animals, zebrafish exhibit a natural tendency to
explore new environments in search of food, mates, and shelter (Avdesh
et al., 2012; Oliveira et al., 2015; von Krogh et al., 2010). Associating
an aversive unconditioned stimulus such as an electric shock with a
conditioned stimulus such as a distinct environment is an important
cognitive ability that can increase an animal’s chances for survival
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Fig. 3. Adult zebrafish performance in an avoidance conditioning task following 3 nights of partial sleep deprivation, total sleep deprivation and total SD + Ethanol
or + Melatonin administration. Electroshock (6 V, 0.2s, every 1 min) administered on random sides. n = 24-32 fish/group. Boxplots represent the interquartile
range divided by a line indicating the median; whisker lines extend to values within 1.5X of the interquartile range. Analysis indicated non-significant effects

between groups (p > 0.05). (1.5 column).
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Fig. 4. One-Way ANOVA applied to compare
(a) average speed, (b) maximum speed, (c)
freezing behavior and (d) total distance the
animal traveled during the avoidance con-
ditioning test, among the five groups: Control,
Partial SD, Total SD, Total SD + Ethanol, Total
SD + Melatonin. Bars (mean + SEM) re-
present data corresponding to 20 min beha-
vioral trial during the test and analyzed using
video-tracking software (ZebTrack), n = 11-16
fish/group. For this data, we consider the re-
sults of all presentation schemes (shock on the
white side or checkered pattern side). (a) One-
Way ANOVA showed non-significant effects of
groups; (b) One-Way ANOVA revealed sig-
nificant effects of groups and Tukey HSD test
showed that the control group had sig-
nificantly higher values of maximum speed
(p < 0.05) compared to all other groups, re-
sult indicated by asterisk, (c) One-Way ANOVA
presented significant effects of groups and
Tukey HSD test showed that the control and
total SD + Eth groups had significantly higher
values of freezing (p < 0.05) compared to
Total SD group, result indicated by the pre-
sence of at least one different letter indicates
statistical difference between groups, (d) One-

EtOH Mel

Way ANOVA revealed significant effects of groups and Tukey HSD test showed that the Total SD group had significantly lower values of total distance traveled

(p < 0.05) compared to all other groups, result indicated by asterisk.

(Serra et al., 1999; Zhdanova et al., 2008). We expected zebrafish to
avoid the compartment associated with the electroshock even after
three nights of sleep deprivation. However, totally sleep deprived fish
receiving electroshocks consistently on one side of the tank did not
learn to avoid the compartment associated with the shock and spent an
equal amount of time on both sides of the shuttle box (see Fig. 2c).
While aversive stimuli have been shown to be more reinforcing than
positive stimuli for associative learning tasks (Walker and Stickgold,
2006), the intensity of the shock (only 6 V) may have been too little to
form an US-CS association in sleep deprived animals. In contrast, the
stimulus was strong enough to allow the US-CS associations to form in
control fish and partially sleep deprived fish. Our results indicate that
sleep deprivation affects both the perception of the aversive stimulus as
well as the formation of US-CS association. Our findings are in ac-
cordance with previous studies examining the deleterious effects of
sleep deprivation on cognition (Alhola and Polo-Kantola, 2007;
Killgore, 2010; Prince and Abel, 2013). Studies examining rodent and
human behavior following sleep deprivation have highlighted the in-
dividuals’ resistance to act in response to an earlier emotional memory
(e.g. fear elicited by electric shocks in our study) to the effects of sleep
deprivation (Phelps, 2004; Ruskin et al., 2004). Zebrafish and rodents
brains show some structural differences, such as the hemispheres size
and layout of the telencephalon (Mueller and Wullimann, 2003;
Waullimann and Mueller, 2004). However, several homologous areas
were already described, including the lateral pallium in zebrafish that
appears to correspond to the hippocampus in mammals (Broglio et al.,
2005; Salas et al., 2006; Tropepe and Sive, 2003), a region mainly re-
lated to learning and memory processes. Moreover, a number of neu-
rotransmitter system as highly conserved in zebrafish, such as the
cholinergic, adenosinergic, and dopaminergic pathways (Wullimann
and Mueller, 2004).

The impaired learning observed in the total SD group may be at-
tributed to place preference and decreased locomotion. For instance,
fish may have exhibited a place preference and simply avoided the non-
paired compartment. To test these alternative possibilities, fish from
each treatment group also received electroshocks on random sides
(Fig. 3). As expected, fish receiving electroshock on random sides of the
tank spent an equal amount of time on both sides of the tank,

demonstrating that zebrafish did not exhibit a place preference during
this task. Behavioral parameters including average and maximum
swimming speed, freezing behavior and total distance traveled were
also analyzed (Fig. 4). Although average speed did not differ between
groups, totally sleep deprived fish exhibited the lowest total distance
traveled. Zhdanova et al. (2001) reported a similar finding in that sleep
deprivation decreases daytime locomotor activity in zebrafish. Ex-
amination of freezing behavior revealed that the control group froze for
a longer period compared to all sleep deprivation groups which may be
associated with the aversive nature of the electric shock. Previous
studies have shown that sleep deprivation reduces response time and
impairs sustained attention (Binks et al., 1999; Killgore, 2010). Our
group has also previously observed that sleep deprivation impairs dis-
crimination of novel object (Pinheiro-da-Silva et al., 2017). Thus, sleep
deprivation in this study may have affected the fish’s ability to properly
respond to the stimulus. Freezing behavior is a complete suspension of
movement resulting from increased stress/anxiety and may reflect
submissive behavior (Kalueff et al., 2013). We expected to observe
freezing behavior elicited by the avoidance conditioning paradigm. Our
results demonstrating impaired behavioral responses to the electric
shock as well as impaired learning following 3 nights of total sleep
deprivation is in accordance with previous study examining the effects
of sleep deprivation on learning and memory (Alhola and Polo-Kantola,
2007; Inostroza et al., 2013; Killgore, 2010; Raidy and Scharff, 2005;
Ruskin et al., 2004).

Regarding the exogenous molecules used in the study, alcohol is one
of the most commonly examined pharmacological agent in zebrafish
research and has been shown to alter behavioral responses as well as
impair learning (Luchiari et al., 2015; Obernier et al., 2002; Tran and
Gerlai, 2013). This substance when added to the water can easily be
absorbed by the fish with blood alcohol levels quickly reaching equi-
librium with the external alcohol concentration (Ryback et al., 1969).
Here, fish were exposed to an acute alcohol dose (0.5%) on the last
night of sleep deprivation for 1 h and subsequently tested for avoidance
learning on the following day. The sleep deprivation + alcohol group
was able to acquire the association between the US and CS similar to the
control group, suggesting normal learning performance.

Alcohol consumption is commonly associated with sleep disruptions
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(Roehrs and Roth, 2001). However, alcohol has dose-dependent effects
with stimulant and sedative properties (Earleywine and Martin, 1993;
Martin et al., 1993; Stein and Friedmann, 2005; Tran and Gerlai, 2013).
Based on our results, alcohol exposure was able to rescue the learning
impairment observed in totally sleep deprived fish. Alcohol’s sedative
effects may have promoted sleep onset similar to a previous study
(Roehrs and Roth, 2001). In fact, alcohol was shown to interfere with
the adenosine transmission (Dohrman et al., 1997), which may be re-
lated to the sedation effects of alcohol. More than that, Sharma et al.
(2014) showed that acute alcohol exposure provokes adenosine Al
receptor-mediated inhibition of orexin neurons, leading to sleep pro-
motion. Alcohol is known to reduce core body temperature, contribute
to the entrainment of sleep (Kleitman, 1939), and low doses may
beneficial for treating insomnia (Roehrs et al., 1999). However, the
development of alcohol tolerance should be taken into consideration.
For instance, tolerance to alcohol’s sedative effects can be established
after only a few days of consumption (Turner, 2000), as the neuro-
transmitter systems decrease the response to the presence of alcohol
over time. Moreover, the use of alcohol to improve sleep may lead to
excessive intake. Thus, the relationship between alcohol and sleep re-
quires greater attention, with a focus on identifying the physiological
mechanisms underlying alcohol’s sleep-promoting properties.

In contrast to alcohol’s effect on avoidance learning following sleep
deprivation, exposure to melatonin did not affect learning in sleep de-
prived fish. Melatonin is an important sleep-regulating hormone in
zebrafish (Gandhi et al., 2015) and is produced in the pineal gland
(Lima-Cabello et al., 2014). Administration of exogenous melatonin has
been shown to increase sleep under light:dark conditions (Zhdanova
et al.,, 2001) and has dose dependent effects on locomotor behavior
(Wang et al., 2014) which can be observed within 20 min of drug ex-
posure (Zhdanova et al., 2001). In the current study, melatonin ad-
ministration did not rescue the impaired stimulus perception and
learning performance of sleep deprived fish, and this could be related to
the drug exposure regimen and/or the sleep deprivation protocol used.
We exposed fish to melatonin for 1 h prior to the habitual onset of the
dark phase. However, melatonin has been reported to promote sleep
within 20 min of exposure and thus, the effects of this hormone may
have been limited during the dark phase which occurred 6 h later.

Previous studies have demonstrated that melatonin injections can
induced sleep, even in constant light following sleep deprivation
(Phillips and Berger, 1992; Yamada et al., 1988). However, our total
sleep deprivation protocol consisted of light pulses, which may have
inhibited melatonin’s action in the brain. For example, melatonin is
ineffective in sleep disorder patients when combined with improper
sleep conditions (Buscemi et al., 2004; Rawashdeh et al., 2007). Ad-
ditionally, Rawashdeh et al. (2007) previously reported that melato-
nin’s action in zebrafish is inhibited under constant light in an active-
avoidance conditioning paradigm. These authors also showed that a
pinealectomy or blocking melatonin signaling improved memory con-
solidation, suggesting the melatonin role in memory formation.

Finally, our results reinforce the zebrafish as a valuable model or-
ganism for high throughput screening of sleep-related drugs. Sleep is an
essential behavioral phenomenon and our data support the negative
effects of sleep deprivation on simple (perception) and more complex
(learning and memory) cognition. We found a significant learning im-
pairment in zebrafish following total sleep deprivation. Although mel-
atonin did not alter learning behavior, acute alcohol exposure improved
learning performance in sleep deprived fish. In future studies, ap-
proaching other alcohol and melatonin doses and exposure regimes, the
stressful effects of sleep deprivation in terms of hormonal levels, and
the effects of sleep deprivation in long—term memory formation deserve
to be investigated. In the present study, the simplicity of the protocol
due to the lack of a time-consuming training phase will make it a useful
tool for future behavioral and brain tissue analyses. It will also allow
investigators to examine how sleep deprivation affects cognitive func-
tion and whether different drugs can be used for the treatment of sleep
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