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Abstract
Rationale Zebrafish have a sophisticated color- and shape-
sensitive visual system, so we examined color cue-based nov-
el object recognition in zebrafish. We evaluated preference in
the absence or presence of drugs that affect attention and
memory retention in rodents: nicotine and the histone
deacetylase inhibitor (HDACi) phenylbutyrate (PhB).
Objectives The objective of this study was to evaluate whether
nicotine and PhB affect innate preferences of zebrafish for famil-
iar and novel objects after short- and long-retention intervals.
Methods We developed modified object recognition (OR)
tasks using neutral novel and familiar objects in different
colors. We also tested objects which differed with respect to
the exploratory behavior they elicited from naïve zebrafish.
Results Zebrafish showed an innate preference for exploring
red or green objects rather than yellow or blue objects.
Zebrafish were better at discriminating color changes than
changes in object shape or size. Nicotine significantly en-
hanced or changed short-term innate novel object preference
whereas PhB had similar effects when preference was
assessed 24 h after training. Analysis of other zebrafish be-
haviors corroborated these results.

Conclusions Zebrafish were innately reluctant or prone to ex-
plore colored novel objects, so drug effects on innate preference
for objects can be evaluated changing the color of objects with a
simple geometry. Zebrafish exhibited recognition memory for
novel objects with similar innate significance. Interestingly, nic-
otine and PhB significantly modified innate object preference.

Keywords Zebrafish behavior . Nicotine . Histone
deacetylase inhibitor . Object recognition . Attention:
perception

Introduction

Being able to discriminate objects in the environment has bene-
fits when it comes to feeding, mate choice, defensive behavior,
orientation, and survival (Engeszer et al. 2004). Interaction with
environmental stimuli requires the organism to assess the stimuli,
including whether or not they have been encountered before
(Bilotta et al. 2005; Engeszer et al. 2007). Rodents have an innate
tendency to approach and explore novel objects, i.e., objects with
no innate or learned significance for them. Memory for objects,
places, and events plays a critical role in how an organism expe-
riences its environment. Novel object recognition (OR) tasks
have been extensively used to study non-aversive memory in
rodents (Bevins and Besheer 2006; Gaskin et al. 2010;
Mathiasen and DiCamillo 2010; Winters et al. 2010). Zebrafish
(Danio rerio) have become increasingly popular as subjects for
research into learning andmemory processes, and the species has
been proposed as an alternative to mammalian models (Colwill
et al. 2005; Lieschke and Currie 2007; Stewart et al. 2010; Gerlai
2011; Karnik and Gerlai 2012; Kalueff et al. 2013). Like rodents,
zebrafish can distinguish between novel and familiar objects and
so the species is recognized as a suitable model for studying non-
aversive memory mechanisms (Levin et al. 2006; Spence and
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Smith 2008). Objects of different colors are particularly useful for
OR tasks because zebrafish have very good color perception.
Color vision in the zebrafish relies on four types of cone photo-
receptor cells: UV- and blue-single cones as well as red- and
green-double cones (Robinson et al. 1993). Humans have three
types of cones and lack UV light sensitivity, whereas rodents
have only two types of cone cells which significantly reduces
their color perception capacity.

Color preference in zebrafish has been evaluated using foods
of different colors and colored environments, and zebrafish
showed a preference for red environments independently of the
color of the food (Spence and Smith 2008). Zebrafish in a con-
ditioned place preference (CPP) task spent more time in com-
partments with red and green backgrounds relative to yellow
backgrounds and showed a strong aversion to compartments
with blue backgrounds (Avdesh et al. 2012). In contrast,
Colwill et al. (2005) found that blue and purple environments
were preferred by zebrafish. A recently published study based on
a modified CPP task reported that zebrafish exhibited a prefer-
ence for blue and green environments and an aversion to yellow
and red environments (Oliveira et al. 2015).

Additional studies have demonstrated that acute nicotine
treatments enhance acquisition, consolidation, and retrieval
of object memories in rats (Puma et al. 1999). There is also
good evidence that in zebrafish activation of nicotinic recep-
tors enhances discrimination learning (Levin et al. 2006) and
CPP acquisition (Kily et al. 2008; Kedikian et al. 2013) which
suggests that nicotine treatments may have therapeutic value
in cognitive impairment disorders (Olincy and Stevens 2007).
A recent study based on a modified OR task showed that
nicotine increased attention and enhanced object discrimina-
tion performance (Braida et al. 2014). It has also been pro-
posed that in zebrafish nicotine can improve recognition of
complex objects (May et al. 2016).

Histone deacetylation results in heterochromatin formation
and downregulation of gene expression. Memory consolidation
and learning in rodents is inhibited by deacetylation of histones
by histone deacetylases (HDACs) (Korzus et al. 2004; Bredy
et al. 2008; Peleg et al. 2010). So preventing HDAC activity with
inhibitors such as phenylbutyrate (PhB) is crucial to long-term
memory (Wood et al. 2006; Morris et al. 2010; Roozendaal et al.
2010; Hawk et al. 2011). Likewise, we have demonstrated that
acetylation of histones is necessary to establish nicotine-induced
CPP in rats (Pastor et al. 2011). Correspondingly, OR and object
location performance were enhanced by histone deacetylase in-
hibitors (HDACi) (Stefanko et al. 2009; Haettig et al. 2011;
Hawk et al. 2011). Until now, HDACi have only been used in
zebrafish to evaluate the effects of histone deacetylase on devel-
opmental morphogenesis (Kim et al. 2012).

We evaluated zebrafishes’ innate color preferences in our ex-
perimental conditions as earlier studies have produced inconsis-
tent results. Previous studies had not investigated short- and long-
term novel object preference (Braida et al. 2014; Oliveira et al.

2015), so we carried out a series of experiments aimed to evalu-
ate the effects of nicotine and PhB on performance on OR tasks
with two memory retention intervals. Moreover, as it has been
demonstrated that drugs of abuse such as cocaine can influence
visual perception in zebrafish (Darland and Dowling 2001), we
also investigated whether nicotine and PhB could modify
zebrafishes’ innate perception of novel objects. Our results sug-
gested that the exploratory behavior of zebrafish is determined by
innate preference rather than by novelty. Nicotine and PhB can
modify innate object preference by increasing the salience of the
environmental cues.

Methods

Animals and maintenance

We obtained adult zebrafish (D. rerio, Singapore strain; aged
approximately 6 to 6 months), a wild-type-derived stock from a
local farmer (La Plata, Buenos Aires, Argentina; Kedikian et al.
2013). Zebrafish weremaintained according to standardmethods
(Westerfield 2007). They were kept at a density of 100 per tank
(filled with 120 L of fish tank water) with a constant 14–10 h
light-dark cycle and a temperature of 26–28 °C. The tanks had
aquatic plants and stone floors (enriched environment). Water in
the tanks was continuously filtered with an external canister filter
(Eheim ECCO Pro 130, Germany). Zebrafish were fed twice a
day with Artemia sp. and dry food. All zebrafish were experi-
mentally naïve and were acclimatized to the laboratory facility
for at least 30 days. After the acclimatization period, the animals
were moved to the behavioral room and housed in 12-L tanks
with stone floors and filtered water and at a maximum density of
12 animals per tank in order to reduce stress. All the behavioral
assays took place during the light phase, between 09:00 and
16:00 h. The Committee on Animal Research of the University
of Buenos Aires approved all protocols for the use, housing, and
care of experimental animals.

Drugs and treatments

Nicotine (nicotine hydrogen tartrate salt, Sigma, St. Louis, USA)
was dissolved in filtered water from the fish tanks to produce a
15-mg/L solution. We have demonstrated that 15 mg/L is the
lowest nicotine dose that had rewarding effects in zebrafish,
which were not enhanced by higher doses (30 or 50 mg/L). We
have also observed that 50 mg/L nicotine solutions can generate
unwanted motor effects that inhibit CPP (Kedikian et al. 2013).
TheHDACi 4-phenylbutiric acid (PhB;Aldrich, St. Louis, USA)
was also dissolved in the fish tank water. We used three concen-
trations of PhB (15, 25, and 35μM)based on our previous results
and other authors’ results in rats (Romieu et al. 2008; Pastor et al.
2013). The three concentrations produced similar results so all
subsequent experiments were performed with 15 μM PhB, the
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lowest pharmacologically effective dose in our studies. We have
also observed that high doses of PhB can induce seizure-like
activity.

Nicotine and PhB solutions were prepared fresh daily and
administered by immersing the zebrafish in the solutions in a
special tank (drug tank) for 10 min immediately after training
sessions. The drug tank was 20 × 10 × 15 cm in size, and the
same procedure was carried out with control animals, using a
drug-free tank with identical characteristics. The pharmacokinet-
ic and pharmacodynamic properties of these drugs, including
clearance, are unknown in this species. Based on previous stud-
ies, we assumed that a 10-min period of drug exposure would
allow the drug to act on the fish brain at a relatively constant
concentration level. Other groups have used 5-min exposures to
various drugs in beakers before or immediately after a behavioral
task (Levin et al. 2007; Brennan et al. 2011), but in our experi-
ence, nicotine-induced locomotor activity in zebrafish stabilizes
after 10 min (Kedikian et al. 2013). We did not use beakers to
expose the zebrafish to the experimental drugs because being in
restricted volumes can increase stress and cause non-specific
effects; this has been observed in the context of nicotine admin-
istration (Levin and Chen 2004).

Novel object preference or recognition test

Two hundred zebrafish from the housing tank were separated
into four groups: control, nicotine, PhB, and nicotine + PhB.
All experimental groups experienced the following phases: (1)
habituation to the testing tank (3 days); (2) training session:
subjects were exposed to two identical objects; (3) exposure to
drug solutions or free-drug water; and (4) testing session: after
a delay of 1.5 or 24 h (retention interval), animals were placed
back in the testing tank, which contained one of the original
objects (familiar object) and a novel object.

All trials were videotaped using an HD digital camera placed
1.2 m above tanks and connected to a computer. All videos were
analyzed using the Noldus EthoVision XT7 software (Noldus
Information Technology, The Netherlands). Before training, ev-
ery zebrafish was habituated to the testing tank (25 cm
side × 25 cm side × 20 cm height) in the absence of objects for
5 min twice a day (5-h interval between habituation sessions)
over three consecutive days (Bevins and Besheer 2006; Kily
et al. 2008). On the fourth day, the training phase, animals were
exposed to two identical cubes for 5 or 10 min. The objects were
placed on the floor of the experimental tank. Just before the
testing session, one of the original objects was replaced with a
novel object differing in color, shape, or size from the training
objects. The amount of time a zebrafish spent exploring one
object was measured as the total time a subject’s whole body
remained within the exploration area delimited on the tank floor.
The exploration area was defined based on the objects’ size
(Oliveira et al. 2015). The objects had sides of 3 cm length,
and so the exploration area was defined as a 9 × 9-cm area

centered on the object; the exploration area thus amounted to
6.4% (total of 12.8% for both objects) of the tank floor area
(Fig. 6e). We examined the interactions of zebrafish with red,
green, yellow, and blue cubes (side = 3 cm), red and yellow balls
(diameter = 3 cm), and red and yellow towers (side = 1.5 cm,
height = 8 cm).We used balls and cubes of similar dimensions to
enable us to evaluate visual discrimination of shape. The towers
were included to enable us to evaluate discrimination of visual
changes in size as they were taller than the cubes. Preference
percentages were calculated as follows: [time of exploration of
novel object / (time of exploration of original object + time of
exploration of novel object)] × 100 (Balderas et al. 2008; Haettig
et al. 2011). A 50% preference indicates no preference for one
object over the comparison object (chance: dashed lines in the
graphs). Preference scores higher than 50% indicate a relative
preference for the novel object, and scores lower than 50% indi-
cate a relative aversion to the novel object. Mean exploration
timewas calculated, and the preference percentages of the groups
were compared.

The locations of the object and the tankwere counterbalanced.
For half the testing sessions, the novel object was placed on the
right side, and for the rest of the sessions, it was located on the left
side of the tank. The tank was rotated 180° to avoid behavior
being influenced by the context surrounding the exploration area.

Visual discrimination test

To determinewhether the color cues selected for behavioral testing
were equally perceived by zebrafish, we used the visual discrim-
ination test described by Li and Dowling (1997). The test was
carried out in an apparatus with a rotating drum that has been used
to study reflexive escape in a variant of the optokinetic reflex test
(Lau et al. 2011). Briefly, the apparatus consisted of an
immobilized cylindrical tank (15 cm diameter, filled with 2 L of
fish tank water) with transparent walls, surrounded by a rotating
drum covered with white paper. A colored segment (5 × 5 cm)
marked on the external drumwas used as a threatening object. An
opaque cylinder (5 cm diameter) was placed in the center of the
tank to prevent the zebrafish swimming directly from one side of
the tank to the other. The drum rotated at 10 rpm. If a subject sees
the approaching colored segment (encounter), it typically displays
one of two behaviors: it turns away to hide behind the central post
(avoidance) or continues its path and thus dodges the stimulus
(escape). Zebrafish were habituated to the tank for 2 min, and then
red or yellow segments were attached to the external drum
(Darland and Dowling 2001). The number of encounters, escape,
and avoidance responses was quantified manually and using the
tracking system described above.

Determination of other behavioral parameters

The behavioral parameter Bdistance swum,^ which is a mea-
sure of locomotor activity, was recorded as the total distance
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traveled by zebrafish over 10-min periods. BExploration
latency^ was measured as the time in seconds taken for a
subject to begin exploring an object at the start of a session.
BExploration frequency^ was measured as the number of full
body entries to demarcated zones around objects over 5-min
periods. The behavioral parameters were recorded separately
for all experimental conditions (preference for object color;
size + shape; color + shape, color + size or, color + size +
shape) and groups (saline-, PhB-, nicotine-, and PhB +
nicotine-treated zebrafish) during training and testing ses-
sions. Subjects were exposed to the pharmacological treat-
ments for 10 min immediately after training, and then test
sessions were performed 1.5 or 24 h after training.

Statistics

We analyzed the time spent in delimited areas including the
familiar or the novel object using ANOVAwith the following
factors: discrimination cue (color; size; shape), drug treatment
(nicotine; PhB; nicotine + PhB; control), and retention interval
(1.5; 24 h). Object preference was analyzed by ANOVA for
multiple comparisons followed by post hoc comparisons
using the Scheffé test. All data are expressed as mean ±
SEM. Statistical analysis was done using the software
StatView 5.0.1 (SAS Institute, Gary, NC, USA).

Results

Visual cues for object pre-existent preferences and object
recognition tasks

Analysis of color and shape preference

The average time zebrafish spent exploring two identical objects
during the training session differed according to the color of the
object (F7,40 = 43.331, p < 0.01); see Fig. 1. Zebrafish spent

longer interacting with red objects (cubes 130.23 s ± 4.41; balls
114.525 s ± 3.94) and green objects (cubes 100.33 s ± 6.14; balls
90.65 s ± 7.32) than with yellow objects (cubes 43.52 s ± 4.94;
balls 41.23 s ± 6.09) or blue objects (cubes 20.33 s ± 6.03; balls
21.56 s ± 5.94). Blue and yellow objects elicited significantly less
exploratory activity than red or green objects (p < 0.01 and
p < 0.001, respectively).

Novel object recognition with color cue and objects of similar
innate preference

Figure 2a shows preference scores for innately preferred red and
green objects, and Fig. 2b depicts preference scores for two non-
preferred blue and yellow objects in control, PhB-, nicotine-, and
nicotine + PhB-treated animals (F7,38 = 21.45, p = 0.043). When
zebrafish were exposed to two identical red cubes and one of the
red cubes was replaced with a green cube after a delay of 1.5 or
24 h, the control group showed no preference (p = 0.08). In
contrast, zebrafish previously exposed to nicotine or PhB showed
a preference for exploring the novel object at 1.5 or 24 h after
training, respectively (p < 0.05). When a novel yellow cube
replaced a blue cube, zebrafish spent longer exploring the novel
object. A further increase in preference for novel yellow objects
was found in the PhB-treated group of zebrafish 24 h after train-
ing. In contrast, nicotine decreased the preference for novel yel-
low objects at 1.5 and 24 h after training (p < 0.05).

Total exploration time in a preference test based on color,
shape, and size cues

Our aimwas to evaluate innate preference to novel objects during
sessions lasting 5 or 10 min. Figure 3 shows that zebrafish
displayed an innate preference for red objects relative to yellow
objects regardless of whether the test involved cubes, balls, or
towers (F11,70 = 76.628, p < 0.001). Exploration durations for
cubes, balls, and towers respectively were as follows: red objects
142.23 s ± 4.41, 138.525 s ± 3.94, and 129.22 s ± 5.01; yellow
objects 61.32 s ± 7.94, 51.23 s ± 7.89, and 39.43 s ± 6.17. In
subsequent sessions, we analyzed zebrafishes’ exploratory be-
havior during a 5-min session in order to reduce habituation to
the objects.

Analysis of novel object preference in zebrafish

Color preference Figure 4 depicts preference scores for novel
red or yellow objects as determined in testing sessions.
ANOVA revealed significant differences (F31,80 = 7.857,
p < 0.001) considering color cues, treatments, and retention
intervals (1.5 and 24 h) as analysis factors. When we used a
pair of cubes in the training session and one of the cubes was
replaced with an identical cube in the test session, preference
scores were close to 50% indicating no preference (Fig. 4a, b).

Fig. 1 Innate preferences of zebrafish for novel objects were assessed
with objects of different color, shape, and size.Zebrafish were exposed
individually to two identical objects for 5 min in the experimental tank.
Preferences were assessed with ANOVA followed by Scheffé test.
**p < 0.01 (yellow vs. red objects), ***p < 0.001 (blue vs. red objects),
XXp < 0.01 (yellow vs. green objects), and XXXp < 0.01 (blue vs. green
objects)
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As expected, neither nicotine nor PhB influenced scores when
identical objects were paired.

When a yellow cube replaced a red cube in the test session
(Fig. 4c), the control group had a mean preference score of less

than 40%, indicating a preference for the familiar cube. When
animals were tested after a 1.5-h retention interval, the nicotine
and nicotine + PhB treatments further reduced preference for the
novel object (p < 0.05) whereas PhB did not affect naïve prefer-
ences. In contrast, when subjects were tested 24 h after training,
PhB or PhB+ nicotine treatment further reduced the preference for
the novel object (p < 0.001) whereas nicotine treatment did not
affect preference. Figure 4d shows preference when a red cube
replaced one of the familiar yellow cubes. When tested 1.5 h after
trainingm nicotine-treated zebrafish showed an increased prefer-
ence for the novel object (p < 0.01 and p < 0.05). PhB and PhB +
nicotine treatments did not affect preference.With a 24-h retention
interval, both PhB and PhB+ nicotine treatments further enhanced
preference for the novel red cube (p < 0.01).

Shape and size preference ANOVA revealed significant dif-
ferences (F31,80 = 5.543, p < 0.05) when shape or size cues,
treatments, and testing interval were considered as analysis
factors. To determine whether object shape influenced novel
object preference, zebrafish were first familiarized with an
identical pair of cubes during training sessions, and then in

Fig. 2 Novel object recognition
based on color cues of similar
innate visual significance for
zebrafish. Zebrafish were trained
individually and then immersed
for 10 min in tanks containing
drug-free fish tank water (saline),
15 mg/l nicotine (Nic), 15 μM
phenylbutyrate (PhB), or 15 mg/l
nicotine plus 15 μM PhB (Nic +
PhB). Drugs were dissolved in
fish tank water. Testing sessions
were performed after a delay of
1.5 h (Graphs a and b on the left)
or 24 h (graphs a and b on the
right). The graphs depict
percentage (%) preference for
green and red (a) or yellow and
blue objects (b). Dashed lines
(chance) indicate 50% preference.
NO novel object, OO original
object. Exploratory preferences
were assessed with ANOVA
followed by Scheffé test.
*p < 0.05

Fig. 3 The percentage of time zebrafish spent exploring different pairs of
identical objects.White and black bars indicate exploration intervals of 5
(5) and 10 (10) minutes, respectively. Data are presented as mean ± SEM;
n = 9–10 animals per group. Preferences were assessed using ANOVA
followed by Scheffé test. ***p < 0.001
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test sessions, one of the cubes was replaced with a ball of the
same color as the training cubes (Fig. 5). When novel objects
with changes in shape only were evaluated at the short- and
long-retention intervals, there was no preference for the ob-
jects (Fig. 5a, b). In the test session designed to evaluate
whether changes in object size affected exploratory behaviors,
we replaced one of the training cubes with a tower of the same

color. Notably, when a red cube was replaced with a red tower,
we observed a nicotine-induced decrease in preference (30%)
for the tower with a 1.5-h retention interval (p < 0.05). A
similar result was observed in the PhB-treated group with a
24-h retention interval (p < 0.05) (Fig. 5c). A similar pattern of
results was observed when a yellow cube was replaced with a
yellow tower (Fig. 5d).

Fig. 4 Novel object preference
when comparing objects for
which there are different innate
preferences. Zebrafish were
trained individually and then
immersed for 10 min in tanks
containing drug-free fish tank
water (saline), 15 mg/l nicotine
(Nic), 15 μM phenylbutyrate
(PhB), or 15 mg/l nicotine plus
15 μM PhB (Nic + PhB). Drugs
were dissolved in fish tank water.
Testing sessions were performed
after a delay of 1.5 h (graphs on
the left) or 24 h (graphs on the
right). Dashed lines in all graphs
(chance) indicate 50% preference.
NO novel object, OO original
object. Data are depicted as mean
± SEM; n = 10–12 animals per
group. Preferences were assessed
using ANOVA followed by
Scheffé test. *p < 0.05; **p < 0.01
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Compound preferences: color size and color shape
ANOVA revealed significant differences (F31,80 = 9.382,
p < 0.0001) considering color shape and color size cues, treat-
ments, and retention interval as analysis factors. During train-
ing, zebrafish were exposed to two red cubes, and during
testing, one of the cubes was replaced with a yellow ball

(Fig. 6a). With a 1.5-h retention interval, the nicotine-treated
group showed a lower mean preference score than all other
groups (p < 0.05 and p < 0.01). Twenty-four hours after train-
ing, both the PhB- and PhB + nicotine-treated groups showed
a further diminished preference for the novel yellow object
(p < 0.05 and p < 0.01, respectively). When a red cube was

Fig. 5 Novel object preference
based on changes in object size or
shape. Zebrafish were trained
individually and then immersed
for 10 min in tanks containing
drug-free fish tank water (saline),
15 mg/l nicotine (Nic), 15 μM
phenylbutyrate (PhB), or 15 mg/l
nicotine plus 15 μM PhB (Nic +
PhB). Drugs were dissolved in
fish tankwater.Dashed lines in all
graphs (chance) indicate 50%
preference. NO novel object, OO
original object. Data are depicted
as mean ± SEM; n = 10–12
animals per group. Preferences
were assessed using ANOVA
followed by Scheffé test.
*p < 0.05
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replaced with a yellow tower, nicotine and PhB treatments
reduced the preference for the novel object (p < 0.01;
p < 0.05) with 1.5- and 24-h retention intervals, respectively
(Fig. 6b). We also carried out experiments in which zebrafish
explored two yellow cubes, and then a red ball was introduced
in the test session. With a 1.5-h retention interval, the nicotine-
treated group showed an increased preference for the novel
red ball (p < 0.05; Fig. 6c). As expected, with a 24-h retention
interval, the PhB- and PhB + nicotine-treated groups showed
higher preferences for the red ball (p < 0.01 and p < 0.05,
respectively) (Fig. 6c). However, when a yellow cube was
replaced with a red tower, nicotine-treated zebrafish preferred
the yellow cube 1.5 h after training whereas control and PhB-
treated animals tended to prefer the novel red tower (p < 0.05
and p < 0.01, respectively) (Fig. 6d). When testing was carried
out 24 h after training, PhB-treated zebrafish spent less time
exploring the novel red tower than the familiar yellow cube,
whereas control and nicotine-treated zebrafish preferred the
red tower (p < 0.01; p < 0.05).

Visual discrimination analysis

Table 1 displays descriptive data for encounters and behavior-
al responses (escapes or avoidances) when zebrafish were
exposed to a red or a yellow segment attached to the interior
wall of a rotating drum. The colored segment suddenly ap-
peared against the white background in the visual field of the
swimming zebrafish (see BMethods^ section for a full descrip-
tion of this procedure). The number of encounters is the num-
ber of times a zebrafish faced a segment. Yellow and red
segments always provoked a behavioral response indicating

that the colored segment was perceived on 100% of expo-
sures, but yellow segments were more likely to elicit avoid-
ance responses (p < 0.05).

Analysis of other behavioral parameters

Distance swum

We measured the distance traveled during training or testing
sessions in order to evaluate whether treatments changed the
locomotor activity of zebrafish and as an indirect index of anxi-
ety. When testing was carried out 1.5 h after training, nicotine
increased distance swum in all the experimental conditions, ex-
cept when a red tower replaced a red cube (p < 0.05), and in this
case, the trendwas in the same direction (Supplementary Table 1,
size + shape, 3rd row). When testing was carried out 24 h after
training, none of the treatments affected distance swum
(Supplementary Table 1, 24-h test session columns).

Latency

Delay in exploring an object for the first time was evaluated in
training and testing sessions. In naïve zebrafish, the exploration
latency for novel red objects was shorter than the exploration
latency for novel yellow objects (Supplementary Table 2,
training column). When the novel object on the OR task was
yellow and the familiar object red, the novel object exploration
latency was longer. In contrast, when the novel object was red
and the familiar object yellow, zebrafish showed a shorter explo-
ration latency for the novel object (Supplementary Table 2, color
rows), and this effect was enhanced by nicotine with a 1.5-h
retention interval and by PhB treatment with a 24-h retention
interval (p < 0.01). We did not observe significant differences
in the exploration latency when changes in size and shape were
assessed in the test session (Supplementary Table 2, shape + size
rows). When a novel either yellow ball or tower was presented
with a familiar red cube, the exploration latency was longer re-
gardless of size. The latencies were similar in testing and training
sessions (Supplementary Table 2, color + shape + size rows).

Fig. 6 Novel object preference based on changes in object size, shape,
and color. Zebrafish were trained individually and then immersed for
10 min in tanks containing drug-free fish tank water (saline), 15 mg/l
nicotine (Nic), 15 μM phenylbutyrate (PhB), or 15 mg/l nicotine plus
15 μM PhB (Nic + PhB). Drugs were dissolved in fish tank water. e
Zebrafish trajectory recorded during the test session with the conditions
depicted in graph a (saline tank left, nicotine tank right). The tank on the
left shows delimited exploration zones. Dashed lines (chance) indicate
50% preference. NO novel object, OO original object. Data are presented
as mean ± SEM; n = 12–14 animals per group. Preferences were assessed
using ANOVA followed by Scheffé test. *p < 0.05 and **p < 0.01

R

Table 1 Visual discrimination task used to evaluate color sensitivity in zebrafish

Visual cue No. of encounters No. of escape responses No. of avoidance responses % of escape responses % of avoidance responses

Red segment 13.25 ± 1.94 10.62 ± 1.39 2.62 ± 0.36 80.19 ± 12.36 19.81 ± 1.82

Yellow segment 14.12 ± 1.71 10.60 ± 1.37 3.52 ± 0.70 75.21 ± 8.90 24.94 ± 1.26*

The table displays the number and percentage (%) of encounters and avoidance or escape responses displayed by zebrafish when exposed to threatening
visual stimuli consisting of a red or a yellow segment (see BMethods^ section for details). Data are presented as mean ± SEM; n = 10–12 animals per
group. Differences were assessed using ANOVA followed by Scheffé test

*p < 0.05
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Frequency

Frequency was calculated as the number of times a subject’s
whole body entered one of the delimited zones around the
objects. When a yellow cube replaced a familiar red cube, a
significant decrease in frequency was observed, as shown in
Supplementary Table 3. The opposite occurred when a red
cube replaced a familiar yellow cube (color rows). Nicotine
significantly increased visiting frequency for both objects
when they were the same color, which is consistent with the
observed increase in locomotor activity (Supplementary
Table 1). When tested 24 h after training, subjects displayed
their innate tendency to visit red objects more often. Changes
in shape and size did not induce changes in frequency
(Supplementary Table 3, shape + size rows). However, when
tested 1.5 h after training, nicotine-treated animals visited a
familiar red cube less often than the novel red ball it was
paired with. When a 24-h retention interval was used and a
familiar yellow cube was replaced with a yellow tower,
zebrafish from all groups explored the cube more frequently
than the tower and more frequently than during training.
When changes in shape and size were combined with varia-
tions in color (Supplementary Table 3, color + shape + size
rows), significant changes in frequency were observed. Again,
when the familiar object was a red cube, significantly fewer
visits were made to the novel yellow object. In contrast, when
the familiar object was a yellow cube, more visits were made
to the novel red object, regardless of shape and size. The
pattern of behavior was observed in control subjects and gen-
erally potentiated by drug treatments. Notwithstanding this
general potentiation, at short- and long-retention intervals,
nicotine and PhB significantly reduced the frequency of visits
to novel taller objects (towers), respectively, regardless of
color.

Discussion

Innate color, shape, and size preferences of zebrafish

In this study, we analyzed behavior during training sessions to
determine zebrafishes’ innate exploratory preferences with re-
spect to objects of four different colors, two shapes, and two
sizes.We found that zebrafish are more sensitive to changes in
color than changes in shape or size when objects are presented
in their visual field. We observed that zebrafish explored red
and green objects more frequently than yellow or blue objects.
A color discrimination test showed that zebrafish were simi-
larly good at detecting red and yellow cues, but that yellow
objects elicited more aversive responses. Considering size and
shape, zebrafish spent more time exploring cubes or balls of
the same size than towers.

OR task with color cues in zebrafish

OR tasks have only recently been used with zebrafish (Mussulini
et al. 2013; Braida et al. 2014). We examined recognition mem-
ory, which is the ability to recognize previously encountered
objects. It has been reported that when in a group, zebrafish do
not exhibit neophobia (Stewart et al. 2011; Kalueff et al. 2013);
however, a recent report indicated that individual zebrafish do
exhibit neophobia when exposed to novel objects (May et al.
2016). We were able to select innately preferred or non-
preferred colors for the novel object recognition test, which can
be used as appetitive or aversive stimuli. Our results indicated
that zebrafishes’ relative preference for exploring a novel object
depends mainly on its color. Furthermore, we showed that
zebrafish can discriminate simple objects based on color cues
when tested after a delay of 24 h. An earlier study (Lucon-
Xiccato and Dadda 2014) indicated that zebrafish always pre-
ferred a novel object, independently of shape and color (a pink
ball and a dark-yellow prism), and those subjects could discrim-
inate between novel and familiar objects even after a delay of
24 h. This discrepancy may be due to differences between the
studies with respect to tank design, size difference between the
objects and zebrafish—which was bigger in our study—and the
brightness of objects. In Lucon-Xiccato and Dadda’s (2014)
study, the objects were attached to a glass pipette and introduced
to the tank from the surface, which probably captured the
zebrafishes’ attention and induced exploratory responses. Our
study also differs from earlier studies in that we presented pairs
of simple geometrical objects that were related in shape and size,
in order to make it difficult for the subjects to discriminate the
objects. Oliveira et al. (2015) selected the color of objects based
on zebrafish preference for blue and green environments, a result
that conflicts with other studies that found that blue and yellow
environments were aversive (Spence and Smith 2008; Avdesh
et al. 2012). We found that red and green objects were preferred
to yellow and blue objects. Zebrafish behavior could be influ-
enced by the conditions in which they are housed; in our study,
they were housed in an enriched environment, which can in-
crease exploratory behavior and attention to environmental cues
(Parker et al. 2012). Furthermore, the brightness and color inten-
sity of the objects and the illumination conditions in the behav-
ioral room (dim illumination in our study) can influence visual
contrast, color perception, and behavior. Moreover, our results
indicated that zebrafish failed to differentiate a red cube from a
similar-sized red ball.

Effects of nicotine and the HDAC inhibitor PhB on novel
object preference tasks

We examined the effects of nicotine and PhB on performance on
object preference tasks because in rats and zebrafish, nicotine and
PhB can modify innate environmental preferences in CPP tasks
(Pastor et al. 2011; Kedikian et al. 2013). Additionally, our group
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and others have demonstrated the rewarding effects of nicotine in
zebrafish (Ninkovic and Bally-Cuif 2006; Kily et al. 2008;
Kedikian et al. 2013). Our experiments are the first to evaluate
the effects of PhB on object exploration and other behavioral
parameters in adult zebrafish.

Effects of nicotine and PhB on a novel object recognition
task based on color cues of similar innate significance
for zebrafish

When red and green objects were paired in test sessions, nic-
otine induced an exploratory preference for the novel green
object, which was not observed in the control group. This
behavioral shift suggests that a short-term memory process
was involved. When blue and yellow objects were paired,
the control group showed an exploratory preference for the
novel object, indicating that they were able to recognize the
familiar from the novel object (Fig. 2b). When testing was
carried out after a short-retention interval, nicotine treatment
abolished the differences in preference.

Some neuropsychiatric diseases, such as depression and
attention deficits, are accompanied by cognitive impairments.
HDAC inhibitors show great promise as a treatment for these
disorders. Our results in zebrafish demonstrated that PhB af-
fected object recognition after a 24-h delay, indicating long-
term effectiveness. When animals were tested after a 24-h
retention interval, PhB increased exploration of novel green
objects (relative to familiar red objects; Fig. 2a), which indi-
cates memory for the familiar object. Furthermore, PhB treat-
ment enhanced the preference for exploring novel yellow ob-
jects rather than familiar blue objects (Fig. 2b).

Effects of nicotine and PhB on novel object preference
using pairs of objects with opposite innate significance
for zebrafish

Overall, innate attraction or aversion for color cues, i.e., approach
or avoidance behaviors, was potentiated by nicotine and PhB.
The ability to distinguish between big and small objects has
survival value, because big fish eat smaller ones. In this regard,
it has been observed that zebrafish do not spend long in close
proximity to zones containing large objects (Lucon-Xiccato and
Dadda 2014). However, zebrafish failed to differentiate a familiar
cube from a novel cube that was twice as big (Oliveira et al.
2015). Concordantly, in our study, the control group failed to
distinguish between a cube and a tower that was almost twice
as high. As an increase in height of the novel object was per-
ceived only when zebrafish were under the effects of nicotine or
PhB, it seems likely that these drugs enhanced zebrafishes’ abil-
ity to differentiate objects based on size.

When animals were presented with pairs of objects that
differed in terms of both color and size or color and shape,
novel yellow towers induced the strongest avoidance response

and novel red balls the strongest approach response (Figs. 3
and 6).When a yellow cubewas paired with a novel red tower,
zebrafish in the control group showed a mild preference for
exploring the tower whereas nicotine and PhB changed the
subject’s behavior from approach to avoidance responses to
novel taller objects regardless of color preferences.

The delayed effect of PhB could be due to its pharmacody-
namic properties, as PhB needs to enter the cell nucleus to inhibit
HDAC enzymes. Moreover, the physiological consequences of
inhibiting histone deacetylation can only be observed after sev-
eral hours. PhB potentiates object recognition in rodents
(Stefanko et al. 2009; Hawk et al. 2011), and our results suggest
that HDAC inhibitors can also stimulate attention and improve
object recognition and discrimination in zebrafish. As nicotine
has a mild inhibitory effect on HDAC activity (Levine et al.
2011), we evaluated the combined effect of these drugs.
Largely, zebrafish treated with both nicotine and PhB behaved
similarly to those treated with nicotine or PhB alone.

Does novel object preference or aversion depend
on memory retention?

A preference for exploring either novel or familiar objects
which are of similar innate significance for zebrafish implies
recognition memory. Preference scores above or below 50%
can be attributed to memory for the objects presented in train-
ing (May et al. 2016). The experiments depicted in Fig. 2
suggest that nicotine and PhB can induce object recognition,
which may indicate that a memory process is involved, in
contexts in which it is not observed in the absence of these
drugs. In contrast, the results observed when paired objects
were of different innate significance for zebrafish suggest that
nicotine and PhB either potentiate or change innate behaviors
by significantly improving perception of the visual landscape;
these effects do not necessarily imply memory for objects.

Additional behavioral parameters

Analysis of total distance swum suggested that nicotine increases
locomotor activity for 90 min, and this effect could account for
the nicotine-induced enhancement of exploratory bias. However,
this effect could not account for nicotine-induced reductions in
the frequency of visits or significant decrements in the time spent
exploring one of the testing objects. An increment in the total
distance swum could not account either for nicotine-induced
inversion of the innate pattern of preferences. On the other
hand, latency to first exploration of objects during training
and test sessions was virtually unchanged by drug treatments.
Red objects generated curiosity and attraction, which was
reflected in shorter latencies, whereas yellow objects pro-
voked longer latencies. Analysis of exploration frequency
helped to pinpoint the effects of nicotine and PhB on object
recognition because it was affected similarly to exploratory
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preference. Nicotine and PhB further decreased the explora-
tion frequency for novel towers relative to familiar cubes of
the same color. More importantly, drug treatments significant-
ly decreased the frequency of visits to novel red towers and
increased the frequency of visits to familiar yellow cubes; i.e.,
drug effects inverted the pattern of behavior of the control
group. The nicotine-induced increment of the frequency to
explore a novel red ball may also imply recognition memory
given that red cubes and balls are of similar innate significance
for zebrafish.

In conclusion, the results presented here highlight the
importance of evaluating animals’ innate behavior towards
novel objects. For instance, the experimenter may consider
that objects of different color are of neutral significance
for zebrafish. However, humans do not perceive color in
the same way as zebrafish, which have a tetrachromatic
visual system, and so zebrafishes’ perceptual experiences
of the colors humans call red, green, yellow, and blue
likely may be completely different. We have also observed
that zebrafish may or may not remember a familiar object
and its context, but they will not explore a novel object
because it elicits an avoidance response or is intrinsically
unattractive. Likewise, they may prefer to explore the nov-
el object because it is more attractive than the familiar
object. Preference for exploring the familiar or novel ob-
ject on a recognition test only implies memory if the two
objects elicit similar innate responses. However, prefer-
ence scores above or below 50% do indicate the ability
to discriminate between the objects. Relatively low doses
of nicotine and cocaine improve zebrafishes’ ability to
detect small differences between objects, enhance memory
for objects, and modify zebrafish behavior. In our study,
nicotine and HDACi with short- and long-retention inter-
vals, respectively, did alter visual perception of the envi-
ronment and object salience in zebrafish, as cocaine has
been shown to do (Darland and Dowling 2001).

Zebrafish are diurnal and perceive a wide spectrum of
visible light including UV light; therefore, as we have evi-
denced in this study, color cues can be used to investigate
appetitive and aversive innate responses. This study illus-
trates the use of a viable, useful method of evaluating pref-
erence in zebrafish and investigating the effect of drugs of
abuse or epigenetic mechanisms on perception and cogni-
tive processes.
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