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Abstract: Researchers in behavioral neuroscience commonly observe the behavior of animal subjects
in the presence of two alternative stimuli. However, this type of binary choice introduces a potential
confound related to side biases. Understanding whether subjects exhibit this bias, and the origin
of it (pre-existent or acquired throughout the experimental sessions), is particularly important to
interpreting the results. Here, we tested the hypothesis according to which brain lateralization
may influence the emergence of side biases in a well-known model of neuroscience, the zebrafish.
As a measure of lateralization, individuals were observed in their spontaneous tendencies to monitor a
potential predator with either the left or the right eye. Subjects also underwent an operant conditioning
task requiring discrimination between two colors placed on the left-right axis. Although the low
performance exhibited in the operant conditioning task prevents firm conclusions from being drawn,
a positive correlation was found between the direction of lateralization and the tendency to select
the stimulus presented on one specific side (e.g., right). The choice for this preferred side did not
change throughout the experimental sessions, meaning that this side bias was not the result of the
prolonged training. Overall, our study calls for a wider investigation of pre-existing lateralization
biases in animal models to set up methodological counterstrategies to test individuals that do not
properly work in a binary choice task with stimuli arranged on the left-right axis.
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1. Introduction

In the last three decades, an increasing number of studies have been reported in the field of
behavioral neuroscience that are based on animal models. The observation of spontaneous behavior
assessed through the use of free choice tests [1,2] or the study of learned abilities as a result of operant
conditioning studies [3-5] shed light on the perceptual-cognitive mechanisms of vertebrates. For both
methodological approaches, animals typically undergo binary choices with stimuli presented on
the left-right axis [6-9]. These are usually either two biologically relevant stimuli (e.g., pieces of
food or conspecifics, in the case of free choice tests [7,10,11]) or two sets of neutral stimuli (e.g.,
two-dimensional figures or pictures, in the case of operant conditioning studies [8,9,12]). In both
types of studies, it is not rare to find subjects that repeatedly select the stimulus presented on one
specific side (e.g., always the right one). This effect is referred to as side bias or side preference [13,14],
which is the tendency to select one alternative stimulus over others even though there is not any
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identified reason, and belongs to the category of idiosyncratic choice biases [15]. Such biases have
also been widely observed in human research (e.g., [15]) and may represent a potential confounding
factor that affects the conclusions of an experiment. For instance, Andrade et al. [16] found that rats
commonly show left or right bias in spontaneous arm preference in a T-maze, a fact that might have
impacted the conclusions of several studies on spatial abilities, learning, and memory in rats tested
with this type of apparatus. Understanding the reason for a consistent preference for a stimulus placed
on the same side of the apparatus is fundamental. A random choice between two stimuli, whose
presentation is counterbalanced across trials between left and right, might be due to two opposite
reasons: subjects might not have the cognitive abilities to discriminate between the two stimuli, or they
might display such cognitive skills but have side biases that prevent the experimenters from testing
their hypotheses. Dissociating between these two alternative explanations is necessary for interpreting
subjects’ performance.

Side biases might have at least two different origins. First, they might be the result of the
experimental context. For instance, due to a repeated number of stimulus presentations used in
operant conditioning studies, animals might have started to develop a preference for one side of the
apparatus (e.g., [17,18]) because this strategy permits obtaining food rewards approximately 50% of
the time (avoiding any need to understand which is the discriminative cue between two stimuli).
Second, side biases may be present at the onset of the training because of an intrinsic side preference
of the subjects [19-23]. Recently, it has been suggested that, at least in human participants, this
type of bias might emerge regardless of the peculiarity of the experimental context or procedure,
or any kind of pre-existing side preferences of the individuals. By investigating computational
models of decision-making, Lebovich et al. [15] found that idiosyncratic choice biases may emerge
naturally from the neural circuits underlying decision-making. In this sense, they would represent a
virtually inevitable side effect of all binary choice tasks. A recent study requiring rhesus monkeys to
choose between two colors by making saccadic movements [24] suggested that when the reward is
unpredictable (for instance, when food items are randomly assigned to the two colors), animals may
start to exhibit sub-optimal exploratory behaviors, which would be the result of very slow learning, or
reward memory, in the attempt to face the unpredictability of non-stationary environments.

Side biases related to the experimental context or procedure can be partially adjusted, for instance,
by adopting a correction procedure, such as presenting the target stimulus on the non-preferred side of
the subject, to correct their acquired tendency to turn in one direction. On the contrary, side biases
related to pre-existing preferences of subjects might be more difficult to modify if stimuli are exclusively
arranged on the left-right axis. Therefore, it becomes fundamental to discriminate the type of side bias
(spontaneous vs. acquired) observed in a binary choice task.

Intrinsic side bias is believed to be the result of brain lateralization. Functional brain asymmetries
were initially thought to be a human peculiarity, but evidence collected in the last few decades has
shown that the asymmetries are a widespread principle of nervous system organization. Functional
right-left brain asymmetries have been found in a wide range of species [25-31]. For instance, when
exploring a predator, some fish species exhibit a preference for monitoring it with a specific eye [32], as
a result of a brain specialization that allows them to encode predators’ features with one particular
side of the brain (the one contralateral to the eye used to inspect the predator). The possibility exists
that strongly lateralized individuals are more susceptible to side biases in binary choices than poorly
lateralized ones [33].

In the last few decades, the teleost fish Danio rerio—also known as zebrafish—has become one of
the most adopted models in genetics, neuroscience, and developmental biology [34,35]. Despite the
wide range of neurobiological investigations, the cognitive skills of this species remain largely unknown.
Only recently, the methodology for the study of cognition in zebrafish has been improved, a fact that
permitted the discovery of the existence of numerical [36,37], spatial [38,39], and perceptual [40,41]
abilities in this species. Zebrafish also exhibit a wide range of lateralized behaviors, including
conspecifics inspection [42], escape response [43], and foraging behavior [44]. However, no study has
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directly focused on the relation between brain lateralization and side bias in binary choices of this
important animal model.

Here, we tested the hypothesis according to which lateralized individuals are more likely to
exhibit side biases than poorly lateralized ones in a binary choice test. To achieve this goal, we observed
zebrafish behavior in both a spontaneous choice task and an operant conditioning task. To assess the
degree of lateralization of subjects, we used a test known as a detour test [32,45,46] that sheds light on
the spontaneous preference for the use of one eye (and, hence, one side of the brain) in the presence of a
potential predator. The same subjects were observed in a color discrimination task. They were required
to discriminate between two rectangles differing in color, one placed on the right and one placed on the
left, to obtain a food reward. Unlike many other training studies on cold-blooded vertebrates [47,48],
here we used an automated procedure to guarantee extensive training comparable to that used with
mammals and birds. This permitted us to establish whether side biases are acquired throughout the
experimental sessions because of the prolonged presentation of stimuli. We correlated the behavior in
the detour test to the choices for one side of the experimental tank of the color discrimination task to
see whether there was any significant link between brain lateralization and performance in the operant
conditioning task.

2. Methods

2.1. Subjects

We tested 16 adult zebrafish (9 females, with approximate ages of 8-14 months). Fish were
maintained at the comparative psychology laboratory of the Department of General Psychology
(University of Padova) in mixed-sex groups of 20-30 individuals (150 L in each tank). The aquaria
each had a 14:10 h light to dark (L:D) photoperiod and an 18 W fluorescent light. Aquaria were
provided with air filters, natural gravel, and live plants at a temperature of 25 + 1 °C. Fish were
fed daily twice: once with commercial food flakes and once with live brine shrimps (Artemia salina).
Each subject was singly moved into a 50 X 19 X 32 cm tank in the week preceding our experiment.
Four smaller conspecifics were inserted in the tank to reduce the possibility that social isolation might
have affected the subjects’ behavior in the two tasks. The local ethics committee of the University of
Padova approved the study (permit number: 37/2016).

Fish were observed in two different tasks (presented according to a pseudorandom order): (a) a
detour test to assess the degree of each subject’s lateralization, and (b) a color discrimination task to
assess their ability to learn a conditioned rule.

2.2. Lateralization Test: Detour Test

In this test, subjects typically swim along a runway until they encounter a dummy predator
behind a barrier (Figure 1). Eye preference—and the corresponding left or right hemisphere that
preferentially encodes the potential predator—is inferred by the subject’s direction when leaving the
runway [17,34,35].
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Figure 1. Detour test. A dummy predator was visible behind a barrier at both ends of the runway.
The lateralization index was based on 20 observations for each subject.

2.2.1. Stimuli and Apparatus

The apparatus was a modified version used in previous studies of fish [27,33] and consisted of a
glass tank (60 x 94 x 36 cm) filled with 10 cm of water. A plastic runway (7 X 40 cm) was placed in
the middle, permitting subjects to encounter a barrier. Behind the barrier—a series of vertical yellow
cylindrical plastic bars (0.05 cm in diameter, spaced at 0.25 cm intervals) that occupied 17 X 17 cm—a
dummy predator (Rapala lure no.18, 18 x 2.5 cm) was visible at both ends of the runway. At the two
short sides of the apparatus, we placed two 18 W fluorescent lamps to maximize the visibility of the
dummy predators.

2.2.2. Procedure

A single subject was inserted in the middle of the runway. Then, by using a pair of fishnets, the
subject was gently pushed toward the starting point. In this way, the subject started to swim along
the runway until the dummy predator was visible. We recorded twenty consecutive trials. We used
the percentage of left and right turns taken by the subject when leaving the runway as an index of
lateralization, based on the following formula: (([number of rightward turns — number of leftward
turns]/total number of turns) x 100). This index is a continuous variable and fish with a positive score
were classified as subjects with a right detour preference whereas individuals with a negative score
were classified as subjects with a left detour preference. In the case of individuals turning rightward
half of the time, we classified them as non-lateralized [27,33].

2.3. Color Discrimination Task

Color discrimination tasks are commonly used in operant conditioning studies to assess learning
abilities [49-51]. Zebrafish were required to reach the positive stimulus (e.g., a green square), instead
of the negative one (e.g., a blue square), to obtain a food reward.

2.3.1. Apparatus and Stimuli

We used an automated operant conditioning apparatus developed for zebrafish (Zantiks AD,
Figure 2). The whole unit’s size included the experimental chamber (22 x 30 X 50 cm, width X length X
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height), a computer, and the software (C++ language). The chamber (14 X 20 X 15 cm) was made up of
white plastic walls; the floor was made of transparent plastic. The chamber was filled with 8 cm of
water. A computer screen (16 X 10 cm) placed beneath the tank presented the stimuli in correspondence
with one of the short walls. A wireless router allowed us to use a laptop to run the experiment and
collect data. The integrated computer automatically detected the subject’s position through an infrared
camera placed above the chamber and an infrared source placed below the chamber. Zantiks scripts of
the task are available in the Supplementary Materials.

2 cm Stimulus

1
[
3cm |
|
[

Figure 2. Operant conditioning chamber (Zantiks©) used in the color discrimination task. Stimuli
were presented on the bottom of the tank. On the opposite side, we presented two rectangles differing
in color (e.g., blue and green). A correct choice triggered the release of a food reward.

Stimuli (2 X 2 cm) consisted of colored rectangles: red (RGB: 255, 0, 0), yellow (RGB: 255, 255, 0),
green (RGB: 0, 255, 0), and blue (RGB: 0, 0, 255). An initiator white light rectangle (RGB: 255, 255, 255)
appeared at the beginning of each trial.

2.3.2. Procedure

Pre-training: In this stage, we needed to ensure that the zebrafish learned how to trigger the
presentation of the stimuli, select one stimulus, and then swim to the feeder and eat the reward.
This phase enabled us to eliminate any eventual lack of color discrimination as a general failure to
understand the sequence of events composing the trial.

Subjects were moved from their home tanks to the experimental chamber. The pre-training session
started after 5 min of habituation and was characterized by 80 overall trials. Each trial started with
a white rectangle (2 X 2 cm) that served as an initiator light. This light was presented in correspondence
with one short end of the chamber. The initiator light remained visible for a maximum of 10 s; if not
selected, the initiator light disappeared for the next 10 s. As soon as a fish approached the initiator
light by swimming above the white rectangle, a colored rectangle appeared on the opposite short wall.
In the case of the discrimination of yellow vs. red, the colored rectangle was green; in the case of the
discrimination of green vs. blue, the colored rectangle was red. The colored rectangle remained visible
for a maximum of 10 s. The food reward consisted of a 2 mg portion of commercial flake food, GVG
Sera©, and was released above the initiator light every time the subject swam above the colored light.
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In the event of no selection of the colored square, the trial was not considered for the analysis and
a time-out of 10 s was presented. Subjects completing at least 25 out of 80 trials in a single session
started the next step.

Training: Fifty percent of the subjects were trained in yellow and red discrimination (50% with
red as a positive stimulus); and 50% of them were trained in blue and green discrimination (50% with
blue as a positive stimulus). These specific contrasts were chosen because previous studies showed
that zebrafish successfully discriminate between yellow and red, and between blue and green [49].

The experiment was run in a dark environment. As soon as the white initiator light appeared, the
trial began. If a fish swam above the light within 10 s, a choice between two different colored squares
was given on the opposite side of the tank (see Figure 2 for measures). The interstimulus distance was
equal to 4 cm. As the stimuli appeared when subjects triggered the initiator light, placed at 15.5 cm from
the stimuli, optical refraction might not have significantly affected the hue, saturation, or brightness of
our target colors in any position of the experimental chamber [52]. In the case of the correct choice, we
delivered the same food reward used in the pre-training phase in correspondence with the initiator
light. On the contrary, if a fish selected the wrong alternative, the two stimuli disappeared, and the
bottom of the tank became white until the beginning of next trial. If subjects did not select the initiator
light within 10 s, or did not select either stimulus, the stimuli disappeared, and the trial was considered
to be an omission. Each training session included 100 trials. The stimulus position on the left-right
axis was switched across trials according to a random sequence. The task ended when the fish reached
500 valid trials. (No omissions were included.)

As the data were normally distributed, we used parametric statistics (Kolmogorov-Smirnov on
the overall performance of the training, p = 0.138).

3. Results

Color discrimination task: a generalized linear mixed model (GLMM) was used to assess
whether the performance differed among subjects. A significant inter-individual difference was found
(x*(15) = 529.57, p < 0.001). In particular, binomial tests on the frequency of correct choices showed
that 5 subjects out of 16 (31%) selected the color associated with the food reward (p < 0.05). No
difference in the proportion of choice towards the positive stimulus was found between fish tested in
the discrimination between yellow and red and those tested in the discrimination between green and
blue (yellow vs. red: 0.424 + 0.151, blue vs. green: 0.498 + 0.118; independent f-test, f (14) = —1.096, p
=0.292, d = 0.274). Therefore, we pooled the two groups for the subsequent analyses. To measure
whether any side bias emerged throughout the training, we calculated the proportion of choices for
the stimulus presented on the right side. The proportion of choice for the stimulus on the right side
did not change as a function of trials (repeated measures of ANOVA, Greenhouse-Geisser correction,
F(2.515, 37.719) = 1.788, p = 0.173, partial eta squared np2 = 0.106, Figure 3), meaning that the repeated
presentation of stimuli on the left-right axis did not lead to the development of side biases per se.
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Figure 3. Proportion of choices for the right side of the tank in the color discrimination task. No side
bias was developed throughout the 500 trials of the color discrimination task.

Correlation between the detour test and the color discrimination task: a positive correlation was
observed between the performance in the detour test and the proportion of choices for the stimulus
presented on the right in the color discrimination task (r (14) = 0.921, p < 0.001, Bayes factor < 0.001,
Figure 4), meaning that the side bias observed in the training task was related to the subject’s brain
lateralization observed in the detour test. However, no correlation was found between the performance
in the detour test and the proportion of correct choices in the training task (r (14) = 0.181, p = 0.503,
Bayes factor = 4.228, Figure 5), meaning that non-lateralized individuals did not outperform lateralized
ones in the present operant conditioning task.

i
ey
oo
o )
x
(7]
: 0.8
L
o0
c :
£ | |
: Il R ST ot
R R RN S e
: O ieeens : .........
E | e :
S| ey g 05Q
< O deesesert gt o
= PORRPRPTL, s "
(7]
.E 03
o
§ 0.2
n
0.1
&
Q
) o
-60 -40 » 0 | 40 60
. Right

Lateralization index

Figure 4. Positive correlation between the lateralization index and the proportion of choices for the
right side in the operant conditioning task. Right detour fish tended to select the stimuli of the color
discrimination task presented on the right; left detour fish tended to select the opposite stimulus (left).
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Figure 5. Correlation between the lateralization index and the overall accuracy in the operant
conditioning task. Despite a clear side bias of lateralized fish, non-lateralized fish did not statistically
outperform lateralized fish.

4. Discussion

We wondered whether brain lateralization impacts the performance of laboratory animals that
undergo operant conditioning tasks based on binary choices. To achieve this goal, we used the detour
test, one of the most established tests, to assess the direction and degree of brain lateralization, and
correlated zebrafish behavior with the performance exhibited in an operant conditioning task requiring
selection between one of two colors presented on the left-right axis. We found a strong positive
correlation between brain lateralization and the tendency to select repeatedly the stimulus presented
on one side of the tank. Our conclusion is supported by two different statistical perspectives: the
p-value and Bayesian approaches.

Our result has important methodological implications for animal studies based on binary choices.
Indeed, most of these studies do not preliminarily assess the degree of hemispheric specialization
of their subjects. Therefore, the performance in binary choice tasks may be interpreted because of
cognitive abilities or inabilities. We showed that lateralized individuals exhibit this bias from the
beginning of the training, a fact that indicates a pre-existing bias rather than an acquired bias developed
throughout the trials. Interestingly, we found that zebrafish could not inhibit their tendencies to swim
to the preferred side of the experimental chamber even after an extensive training of 500 trials, in which
the positive and the negative stimuli were presented randomly on the left-right axis. These subjects
may have had the cognitive abilities to solve the color discrimination task, but they might not have
been able to perform the correct choice when the correct stimulus was placed on the non-preferred side.
This result calls for a cautious interpretation of binary choice tasks, particularly in the case of those
studies in which animals are tested only once or twice, such as in free choice tests with subjects observed
in their spontaneous preferences for biologically relevant stimuli [53-55]. In this case, it is difficult to
establish whether the subjects have a lateralization bias, making data interpretation ambiguous.

The results of our study may be important in behavioral neuroscience because zebrafish are one
of the most adopted animal models in genetics, neuroscience, and developmental biology [34,35].
To assess their performance in perceptual-cognitive tasks, many studies used free choice tests [37,43,56]
or operant conditioning studies [36,39]. In either case, binary choices are often presented to subjects
and the differential performance has been read as the existence of inter-individual variability in the
perceptual—-cognitive skill under investigation [36,40].

The use of a preliminary test on the brain lateralization of subjects could solve this issue. We suggest
two potential solutions. One consists of discarding those subjects who exhibit a robust lateralization
bias in the detour test. This would lead to including in the final sample only those fish that could
respond to the stimuli. However, this would bring researchers to test a specific subsample of fish: the
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poorly lateralized ones. There is evidence that strongly and poorly lateralized fish differ for several
cognitive factors, including the capacity to perform dual tasks [57], numerical discrimination [58], and
spatial tasks [33]. In this sense, testing a sample made by non-lateralized individuals would prevent
researchers from generalizing the conclusions to the whole population of zebrafish. Alternatively,
detour tests might be useful to identify if there is a large percentage of strongly lateralized individuals.
If so, subjects could undergo binary choices with stimuli arranged on the vertical axis (one above
and the other below). This experimental strategy, of course, would skip the left-right bias, but could
be adopted only after ensuring that the species under investigation does not have a spontaneous
preference for selecting a stimulus placed on either the top or bottom of the experimental apparatus (a
fact that might represent another side bias that affects the validity of the binary choice tasks).

If strongly lateralized individuals are expected to exhibit strong side bias choice, we should
expect non-lateralized individuals to be advantaged in tasks that require learning a discriminative
rule between stimuli arranged on the left-right axis. There is indeed evidence that, in some cases,
non-lateralized fish outperform lateralized ones; non-lateralized goldbelly topminnows are more
accurate when required to bisect a line or to transfer visual information quickly between the two
halves of the brain before choosing which shoal to join [33]. We have not found a correlation between
the degree of lateralization and the accuracy in the operant conditioning task, but we cannot exclude
that an advantage for non-lateralized ones may emerge in other cognitive tasks or other experimental
conditions. We must note that a large inter-individual variability in the subjects’” performance of the
color discrimination task was found, and the overall performance of subjects in our color discrimination
task was low. We cannot exclude the possibility that the results of the correlational analyses reported
here would not persist in a population of well-trained fish. Developing finer procedures for testing
perceptual-cognitive skills in zebrafish is fundamental, given the brain imaging possibilities available
in larvae. Such investigation would permit, for instance, mapping behavioral lateralization (such
as the one tested here) onto the neural circuits of a zebrafish brain, or to determine neural circuits
underlying the emergence of side biases. However, it is worth noting that the subjects” percentage
for selecting the positive stimulus at the end of our training (31%) was similar to the percentage of
zebrafish reaching the learning criterion in other perceptual-cognitive tasks [36,59]. This suggests that,
rather than assuming that our training procedure was largely ineffective in this species, the cognitive
skills of this important animal model could barely be shaped by extensive training, compared with
other fish species (e.g., guppies [60], redtail splitfins [61], and angelfish [62]).

In conclusion, we found that the behavior exhibited in a test measuring brain lateralization seems
to be predictive of the side bias exhibited by zebrafish in binary choices. Lateralized individuals tend
to turn to a preferred side of the experimental tank regardless of extensive training, a fact that makes it
difficult to understand whether these individuals have the cognitive abilities to solve the task.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/12/8/1294/s1.
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