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Abstract: The measurement of multiple behavior endpoints in zebrafish can provide informative clues
within neurobehavioral field. However, multiple behavior evaluations usually require complicated
and costly instrumental settings. Here, we reported a versatile setting that applied ten acrylic tanks
arranging into five vertical layers and two horizontal columns to perform multiple behavior assays
simultaneously, such as the novel tank diving test, mirror-biting test, social interaction, shoaling,
and predator escape assay. In total, ten behavioral performance were collected in a single video,
and the XY coordination of fish locomotion can be tracked by using open source software of idTracker
and Image]. We validated our setting by examining zebrafish behavioral changes after exposure to
low dose ethanol (EtOH) for 96 h. Fish were observed staying longer time at bottom of the tank,
less mirror biting interest, higher freezing time, less fear in predator test, and tight shoaling behaviors
which indicated the anxiogenic effect was induced by low dosage exposure of EtOH in zebrafish.
In conclusion, the setting in this study provided a simple, versatile and cost-effective way to assess
multiple behavioral endpoints in zebrafish with high reliability and reproducibility for the first time.

Keywords: novel tank diving test; mirror-biting test; social interaction; shoaling; predator avoidance
assay; zebrafish behavior

1. Introduction

Over the past decades, the application of zebrafish (Danio rerio) as an alternative research
animal model for biomedical studies has increased exponentially [1-5]. Being a diploid vertebrate,
the genetic constituency of zebrafish resembles to the human genome [6-8]. The brain morphology
and neurochemistry display also gives an impetus to adopt zebrafish in various mammalian genetic
research and pharmacological studies [9]. Furthermore, the use of zebrafish provide a reliable platform
for the genotoxicity assessment of chemicals in the field of ecotoxicology [10-12]. As they require lower
maintenance compared to rodents, zebrafish are considered a useful species that are easy to maintain in
large populations to for the study of neurobehavioral and neurodegenerative disorders [13]. Therefore,
the zebrafish is an ideal animal model to produce high-throughput screens for behavioral studies in
laboratory research.

In addition, the genetic manipulation, pharmacological assessment, and behavioral end-points
of zebrafish can be conducted with a simple, cost effective, and robust method [13-15]. Based on
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the phylogenetic approach, the evolutionary pathway of teleost fish suggested that zebrafish and
other mammals share a remarkable similarity in their physiological and neuroanatomical aspects.
The “ancient design” of the organism soon unfolded the core mechanisms of fundamental features
that was not able to access before [16]. As a relatively simple vertebrate species, zebrafish possess all
the “classical” vertebrate neurotransmitters, a well-developed neuroendocrine system, and a wide
spectrum of behavioral phenotypes that provide robust physiological responses to stress [5,17].

Zebrafish behavior can be defined as the coordination of the internal responses to outside stimulus.
According to previous studies on zebrafish behavioral, the responses appeared to be evolutionarily
conserved and corresponded to other species [9]. However, conventional data assessment that relied
on manual observation was time-consuming, energy-draining, and prone to subjective variation and
human errors. Therefore, a set of sophisticated video-tracking tools and data analyzing softwares
were developed to incorporate high-throughput screenings of both adult and larval zebrafish
locomotions [18-20]. For example, observation that an adult zebrafish was capable of exhibiting
complex behaviors such as having strong social interaction with others, effective learning abilities,
and portraying distinctive reactions to different environmental stimuli [19]. Up to now, the behavioral
terminology of zebrafish was still under represented, compared to other animal models that have
been comprehensively evaluated and defined in neurophysiological research [13]. A universal and
standardized methodology will greatly improve zebrafish behavioral interpretation and reduce
inconsistency [14]. Thus, there is a urgent need to implement the current process of zebrafish behavioral
assessment, and an appropriate phenotypical method is required to produce large scale behavioral
analysis in a short time [20].

There are several simple paradigms that have been developed to assess the zebrafish behaviors.
Currently, a novel tank diving test, a social interaction task, a shoaling test, an aggression test,
and a predator avoidance test were applied [20]. The novel tank diving test was designed to analyze
the instinctual habituation of zebrafish to seek protection in an unfamiliar environment by diving
and dwelling at the bottom of the tank [5]. The reaction to sink and remain close to the base of the
tank can be referred as thigmotaxis, or in other words, “wall-hugging”, which was similar to the
“open-field” test to study the anxiety in rodents [21]. Other behavioral paradigms, including social
interaction and shoaling tests, are also well-established fish paradigms, which were conducted to assess
zebrafish sociability by observing intraspecific interactions and gender preferences. Shoaling behavior,
which represents the complex interaction of animals moving together in coordinated movements,
is comparably common in fish models. Generally, zebrafish often swim in shoals under stressful
situations, as well as for predator avoidance [22,23]. Interestingly, the shoaling behavior adapted
by the zebrafish was not observed in other well-characterized model organisms, such as mice, rats,
Drosophila, or even nematodes [24].

By their nature, the encounter of a solitary zebrafish with another individual of the same gender
often results in aggressive behavior instead of social cohesion. The mirror-biting test demonstrates the
response of a solitary zebrafish to its mirror image. Among the hallmarks of an aggressive display are
erected dorsal, caudal, pectoral, and anal fins, and the butting and biting of the mirror [22]. However,
the behavior can sometimes be misinterpreted where the subject may attempt to approach and interact
with the fish [25]. One of the tests studies the antipredator behavior of the zebrafish in presence of
heterospecies [26]. This examination has been rarely studied in zebrafish, thus, little is known of its
fear reactions through the experiment [27]. Previous research suggested the potential of the zebrafish
as a good model organism to study the correlation between genetic predisposition and antipredator
response [2]. Hopefully, our findings will be able to shed light on the relationship between genetic
factor and anxiety related abnormalities at the clinical level.

To date, most of zebrafish behavioral tests were carried out with different settings to obtain
several different zebrafish behavioral endpoints. Not only does it require expensive video tapping
devices and a licensed software to track the movements, some tests involve complicated programing
scripts to function and analyze the data. Despite the advantages of zebrafish being a study model,
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zebrafish behavioral data are highly variable, even when collected under the same conditions [3].
This limitation can be overcome by producing a high number of samples. Unfortunately, most zebrafish
behavior test settings were unable to produce large-scale data [5,18,22,28-30]. In this study, an open
source software, idTracker, functions to collect motion trajectories by feature matching all crossing
frames of objects based on appearance analysis [31]. It can perform 2D [31] or 3D [32] tracking in
zebrafish as described before. The goal of our study is to establish a one-step setting to measure
multiple zebrafish behavior endpoints simultaneously. In order to evaluate our model, we also treated
zebrafish with 0.1% ethanol (EtOH) acutely for days [33] and observed behavior changes using all
of the behavior tests. Ethanol was used because it is one of the most prevalent recreational drugs
and has been associated with many diseases of the brain and hazardous behavior. At the behavioral
level, the presence of ethanol impairs motor coordination, sensory perception, and cognition, as well
as being anxiolytic and inducing sedation and hypothermia [34]. Ultimately, we aim to adapt this
methodology as the primary approach in large scale drug screening operations in the future.

2. Material and Methods

2.1. Animals and Housing

Zebrafish of wild type AB strain from Chung Yuan Christian University were applied in this study.
All animal experiments were performed in accordance with the guidelines issued by the Institutional
Animal Care and Use Committees (IACUCs) of Chung Yuan Christian University (application number:
CYCU106025, issue date 6 May 2018). Adult zebrafish (~6 months old) with the same batch of
fertilization were used in this study. Maintenance and routine culture for the zebrafish were based on
the method described before [35].

2.2. Ethanol Treatment

Zebrafish were acutely exposed with 0.1% ethanol for ~96 h and tested the exposed fish in all of
the behavior tests to observe their behavioral changes. During acute treatment, the holding tank water
was replaced with the appropriate alcohol solution twice a day. No increased mortality or morbidity
was observed in our alcohol-exposed fish.

2.3. Video-Tracking and Data Analysis

All video data were processed by computer with Intel i7-5820K core @ 3.3 GHz and 64 GB
RAM memory. An open source software, idTracker (http://www.idtracker.es/), was used to collect
and convert the fish movement data to trajectories as described [31,32]. Movement tracking were
quantified separately for each tank. Based on the trajectories, the data interpretation and definitions
that corresponds to the behavioral endpoints were listed in Table 1. All tests were conducted through
Mann-Whitney U test, which was pairwise non-parametric analysis that applied as the comparison
of fish behaviors and does not require the assumption of normal distribution [36]. Statistical tests
were performed using GraphPad Prism (https:/ /www.graphpad.com/), a scientific graphing and
statistics software.
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Behavior Endpoints (units)

Table 1. Summary of behavior endpoints that can be measured by using zebrafish tower.
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Data Interpretation

Definition Applicable to
Average speed (cm-s~1) Total distance traveled divided by total time duration
Maximum speed (cm-s~1) Maximum speed fish capable to reach
Novel tank test,
Minimum speed (em-s~1)

Minimum speed fish capable to reach

Distance traveled (cm)

mirror-biting test,

Total distance the zebrafish traveled within the novel tank predator test, social

Freezing time percentage (%)

interaction test,

Reflects general motor/neurological phenotypes

Reflects motor aspects of zebrafish swimming, may be
increased or decreased depending on the nature of
behavioral test

Indicates increased anxiety and freezing time is generally
higher in stressed zebrafish

Total percentage of time when speed less than 1 cm-s ™ shoaling test
Swimming time percentage (%) Total percentage of time when speed 1-10 cm-s !
Rapid time movement percentage (%) Total percentage of time when speed more than 10 cm-s~!
Time spent in top percentage (%) Total time spent in the top portion of the novel tank
T - bott - Total & i th ib - th | tank rati Novel tank test,
ime spent in top/bottom ratio otal time spent in the top and bottom portion ot the novel tank ratio predator test,
Distance traveled in the top (cm) Total distance traveled in the top portion of the novel tank shoaling test
Distance traveled top/bottom ratio Total distance traveled in the top and bottom portion of the novel tank ratio
Number of entries to the top Total times zebrafish swims to the upper half of the tank
Average entry duration (s) Time spent in top divided by the number of entries to the top Novel tank test
Latency to enter top (s)

Mirror biting time percentage (%)

The amount of time it takes the fish to cross into the upper half of the tank

Increasing value indicates lower anxiety levels

Total percentage of time when zebrafish bit the mirror

Longest duration in mirror side percentage (%)

Predator approaching time percentage (%)

Total percentage of zebrafish longest duration stayed in front of mirror Mirror-biting test

Increasing value indicates higher anxiety levels

Increasing value indicates higher aggression levels

Total percentage of time when zebrafish approached the predator

Average distance to predator separator (cm)

Zebrafish interaction time percentage (%)

Predator test
Average distance of zebrafish to separator for predator

Decreasing value indicates higher anxiety levels

Increasing value indicates higher anxiety levels

Total percentage of time when zebrafish interacted with another zebrafish

Longest duration in separator side percentage (%)

Total percentage of zebrafish longest duration stayed in front of separator Social interaction test

Average distance to zebrafish separator (cm)

Average inter-fish distance (cm)

Average distance of zebrafish to separator for another zebrafish

Increasing value indicates higher sociability levels

Average distance between the body center of every member of the shoal

Average shoal area (ecm?)

Average size of the shoal

Thigmotaxis (cm)

The average distance of the group from the center of the tank

Average nearest neighbor distance (cm)

Shoaling test

Decreasing value indicates higher sociability levels

Increasing value indicates lower anxiety levels

Distance for the body center of each fish to the closest neighboring fish

Average farthest neighbor distance (cm)

Decreasing value indicates lower anxiety levels

Distance for the body center of each fish to the farthest neighboring fish

Increasing value indicates lower anxiety levels
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3. Results

Behavioral testing was performed between 11:00 and 16:00 at room temperature. The zebrafish
tower arrangement was shown in Figure 1A. Each tank was a trapezoid: 22 cm along the bottom,
28 cm at the top, 15.2 cm high, and 15.9 cm along the diagonal side. It was 6.4 cm wide at the top and
tapered to 5.1 cm at the bottom. The novel tank diving test, aggression test, predator avoidance test,
social interaction test, and shoaling test can be conducted in this tower setting (Figure 1B). All videos
for each test were captured by Canon EOS 600D camera with a long-range zoom lens. The zoom lens
(EF-S 55-250 mm, Canon, Oita, Japan) was placed at ~5 m in front of the zebrafish tower, following our
previous published protocol [32]. The resolution of the video was 1280 x 720 pixels, with a frame rate
of 50 fps (frame per second) recorded in black-and-white mode. In order to avoid background light
disturbances (e.g., shadow), a LED light plate (60 cm width and 90 cm height, purchased from ZGene
Biotech Inc., Taipei, Taiwan) with 265 lux intensity was placed as a background light source to the
tower (Figure 1A), to generate a high contrast video and ensure optimal recording.
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Figure 1. (A) The schematic picture for zebrafish tower setup. (B) The experimental setting of zebrafish
tower for multiple behavior endpoints tests (Upper left corner: novel tank test, center left corner:
aggression test, bottom left corner: predator avoidance test, upper right corner: female-male interaction,
center right corner: male-male interaction, bottom right corner: shoaling test).

For the novel tank diving test, untreated zebrafish (n = 30) and ethanol treated zebrafish (n = 30)
were placed in the tank filled with 1.25 L water. A line was marked at the exterior of the tank, dividing
the tank into two equal virtual horizontal portions (Figure 1B). The behavioral responses were recorded
for 1 min at each time intervals of 0, 5, 10, 15, 20, 25, and 30 min. From the video, the average speed,
maximum and minimum speed, distance traveled, freezing, swimming, and rapid time movement
percentage, time spent and distance traveled in top/bottom ratio, number of entries to the top, average
entry duration, and latency to enter top of zebrafish were analyzed through idTracker and later were
calculated by Microsoft Excel 365 software (version 1803 build 9126.2295). In the novel tank test,
5 min of acclimation for untreated wild type fish resulted in a significantly higher time in the top
duration (p < 0.001) (Figure 2C), higher number of entries to the top (p < 0.001; p < 0.0001) (Figure 2D),
higher total distance traveled in the top (p < 0.001) (Figure 2F) and a lower latency to enter the top
portion of the tank (p < 0.01; p < 0.001) (Figure 2E). Furthermore, the freezing time movement ratio
started to decrease significantly after 15 min acclimation (p < 0.0001) (Figure 2B). On the other hand,
30 min of acclimation did not make any significant changes in zebrafish average speed (Figure 2A).



Inventions 2018, 3, 75 6 of 16

In contrast with the wild type control, acute 0.1% ethanol treated fish showed different behavior in the
novel tank test. Treated fish showed higher activity in the first 1 min of novel tank exposure compared
to control fish (p < 0.05) (Figure 2A). After 5 min of novel tank exposure, treated fish exhibited low
locomotion activity which was indicated by lower average speed (p < 0.05; p < 0.01) (Figure 2A) and
higher freezing time movement ratio (p < 0.05; p < 0.01; p < 0.0001) (Figure 2B). Furthermore, lower time
in top duration, number of entries to the top, and total distance traveled in the top portion of the tank
(p <0.05; p <0.01; p < 0.001; p < 0.0001) (Figure 2C,D,F) also indicated that 0.1% ethanol can affected the
exploratory behavior of the zebrafish when they exposed to a new environment. This altered behavior
also supported by higher latency of fish to enter the top portion of the tank (p < 0.05; p < 0.01; p < 0.001;
p <0.0001) (Figure 2E). The locomotion trajectories and behavioral changes for novel tank assay can be
found in Figure 2M and Video S1.
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Figure 2. Comparison of several untreated wild type (WT) and acute 0.1% ethanol treated zebrafish
behavior endpoints of 30-min exposure to novel tank or 5-min exposure to the mirror-biting test. For the
novel tank test, six endpoints of (A) average speed, (B) freezing time movement ratio, (C) time in
bottom duration, (D) number of entries to the top, (E) latency to enter the top, and (F) total distance
traveled in the top were analyzed. The data are expressed as the means + S.E.M. and were analyzed by
Mann-Whitney test (n = 30; * p < 0.05, ** p < 0.01, **** p < 0.0001). For mirror-biting tests, six endpoints of
(G) average speed, (H) mirror biting time percentage, (I) longest duration in the mirror side, (J) freezing
time movement ratio, (K) swimming time movement ratio, and (L) rapid movement time ratio were
analyzed. The data are expressed as the means and were analyzed by Mann-Whitney test (1 = 30;
*p <0.05,* p <0.01, *** p <0.0001). The locomotion trajectories for novel tank and mirror biting test
were summarized in (M,N), respectively.
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To assess zebrafish aggressiveness, the mirror-biting test was performed. Untreated zebrafish
(n = 30) and ethanol treated zebrafish (n = 30) were introduced to a tank filled with 1.25 L of water with
a mirror fixed to the vertical side wall. The fish were left to acclimate to the experimental conditions
for 3 min. After acclimation, zebrafish behavior was recorded for 5 min, scoring the average speed,
maximum and minimum speed, distance traveled, freezing, swimming, and rapid time movement
percentage, mirror biting time percentage, and longest duration in mirror side percentage. The mirror
biting zone was designated at the area within 5 cm from mirror (Figure 1B). The mirror-biting test
involves a slight modification of the novel tank test, the mirror image stimulation induced aggressive
behavioral responses in zebrafish, which significantly affected mirror biting time percentage and
longest duration in the mirror side (p < 0.0001) (Figure 2H,I). It was also found increasing rapid
movement time ratio (p < 0.01) (Figure 2L), but not for average speed, freezing time movement ratio,
and swimming time movement ratio (Figure 2G,],K). On the other hand, acute 0.1% ethanol treated
fish exhibited different behavior in this mirror-biting test. Ethanol, even in low concentration already
could reduce fish aggressiveness, which was shown by lower mirror biting time percentage and
longest duration in the mirror side percentage (p < 0.0001) (Figure 2H,I). In addition, low locomotion
activity affected by ethanol exposure was also shown in this test by lower average speed, swimming
movement time ratio, and rapid movement time ratio, and higher freezing time movement ratio
(p <0.05; p < 0.01; p < 0.0001) (Figure 2G,J-L) compared to the wild type control. The locomotion
trajectories and behavioral changes for mirror biting assay can be found in Figure 2N and Video S2.

The predator avoidance test was demonstrated in the tank filled with 1.25 L water with a
transparent glass separator that was fixed at 15 cm away from the vertical side wall and was left
for fish to acclimate to the experimental conditions for 5 min. After untreated fish (n = 30) and
ethanol treated zebrafish (n = 30) acclimated, the predator (Convict cichlid Amatitlania nigrofasciata,
validated by 165 rRNA barcoding, 5-7 cm body length) was introduced into another side of separator
and zebrafish behavior was recorded for 5 min. The predator approaching zone was defined as the
area within 5 cm away from separator. The fear response was assessed through the measurement of
average speed, maximum and minimum speed, distance traveled, freezing, swimming, and rapid time
movement percentage, top /bottom ratio of time spent and traveling distance, predator approaching
time percentage, and distance to predator separator in average (Figure 1B). As seen in Figure 3,
the fear response behaviors of the zebrafish were exhibited when predator fish was placed into the
experiment tank. This finding is further supported by differences seen in some antipredator-related
behavioral endpoints. The average speed of untreated wild type zebrafish in the predator condition was
significantly lower in the normal condition without predator (p < 0.05) (Figure 3A). Furthermore,
predator approaching time and swimming time movement ratio were even lower (p < 0.0001)
(Figure 3B,E), while average distance to separator and freezing time movement ratio were significantly
higher in the normal condition (p < 0.0001) (Figure 3C,D). On the other hand, there was no significant
difference in the rapid movement time ratio for both conditions (Figure 3F). Meanwhile, ethanol treated
fish showed less predator avoidance behavior. This phenomenon was indicated by less predator
approaching time and the average distance to separator (p < 0.05; p < 0.01) (Figure 3B,C) compared
to the wild type when they encountered the same predator. Furthermore, lower locomotion activity
compared to the control fish was also exhibited by the ethanol treated fish, which was shown by lower
average speed, swimming time movement ratio, and rapid movement ratio even though not all of them
were significant (p < 0.05) (Figure 3A,E,F). Low locomotion activity in the treated fish also supported by
high freezing time movement ratio (p < 0.05) (Figure 3D). The locomotion trajectories and behavioral
changes for predator avoidance can be found in Figure 3K and Video S3.



Inventions 2018, 3, 75 8 of 16

Zo (A)r+ 2% (B) e ——1 WT Control with predator
< 1 & A ==
Te * g ﬁﬂ@
H = Y (
& ° 2 40; A \
EHE E by . \ D
E A g adaa \
% IR 5 hass \
o PV 3 20 RS "an
= @ 2454 5 .
1) I .
o I k] La . LT
= : H .t YO 0.1% EtOH
[} ol
E 'WT Control WT Control Acute 0.1% WT Control WT Control Acute 0.1% § WT Control \{VT Control Acute 0.1%
[=] (without predator) (with predator) EtOH (without predator) (with predator) EtOH (without predator) (with predator) EtOH
> Jkkk
e g S — —|
» EEQEY (D) 100 (E) . g4
co IS S g
= B Akkk j 2
© % 28] T T ]
b : P H [y E 5
< 2100 . § “a £
o g 3 60 =
3 £ £ 20
E A L34 £ a0 nEa
£ 50 . - = B 3
= . o @ 2
4 Dy CL TR E 10
£ A H =
5 N F a4 =4
E ol o e g s
=0 a 0
WT Control 'WT Control Acute 0.1% WT Control WT Control Acute 0.1% WT Control 'WT Control  Acute 0.1%
(without predator) (with predator) EtOH (without predator) (with predator) EtOH (without predator) (with predator) ~ EtOH
ek ey
| T E— T P
(G) == (H) _ - e () = =10, (J) ko
gwe ®eee® § ] s S —
g 5 e *
3 ‘ = 3 . . - K N P s—
—_— 5 -1
£ a0 H aa . [Tl 2 . .
8 o g at oo fa" 9O 6 Aat
oo A . 2 AL Ak 'L
- S 60 X 3 N ot . J.;“.. 2
s t ‘ i £ 4 2 oo’ X - 2 A A‘AA B l...
s e . oo
= [ VY - H dpe Ve W0 . 8 S, towt {m
O m Frion . H a Y A . 22 ?‘ W it
i : o 3 g vo 00 “ "am
2 :: et - g o <
g Unstimulated Stimulated Stimulated  Acute 0.1% = Unstimulated Stimulated Stimulated ~ Acute 0.1% Unstimulated Stimulated Stimulated ~ Acute 0.1% Unstimulated Stimulated Stimulated  Acute 0.1%
c Male Only ~ w/Male  w/ Female EtOH Male Only ~ w/Male  w/Female EtOH Male Only ~ w/Male  w/ Female EtOH MaleOnly ~ w/Male  w/ Female EtOH
K] S
o I y \ i . \ 0.9 R
a Unstimulated WT male control WT male with WT male \ WT female with WT male \ 0.1% EtOH exposed fish with WT

\ |\ ‘ ‘ f
Figure 3. Comparison of several wild type (WT) zebrafish behavior endpoints before and after
predator exposure and after 0.1% ethanol treatment in zebrafish predator test or social interaction

test. For predator avoidance test, six endpoints of (A) average speed, (B) predator approaching time
percentage, (C) average distance to separator, (D) freezing time movement ratio, (E) swimming time

movement ratio, and (F) rapid movement time ratio were analyzed. The data are expressed as the
means and were analyzed by Mann-Whitney test (1 = 30; * p < 0.05, ** p < 0.01, *** p < 0.0001).
For social interaction assay, four endpoints of (G) average speed, (H) interaction time percentage,
(I) longest duration in separator side, (J) average distance to separator were analyzed. The data are
expressed as the means and were analyzed by Mann-Whitney test (n = 30; * p < 0.05, ** p < 0.01,
**** p < 0.0001). The locomotion trajectories for predator avoidance and social interaction were
summarized in (K,L), respectively.

For the social interaction test, a solitary untreated male zebrafish (n = 30) and ethanol treated
zebrafish (n = 30) were placed in the tank filled with 1.25 L of water with a transparent glass separator
fixed at 11 cm away from the vertical side wall and was left for fish to acclimate to the experimental
conditions for 5 min. Either male or female zebrafish for male-male or female—male interaction was
placed into the other side of the separator, respectively for untreated male zebrafish. Meanwhile,
for ethanol treated zebrafish, another male or female wild type zebrafish was placed into the other
side of the separator. Zebrafish behavior was recorded for 5 min after acclimation. The zebrafish
interaction zone was designated within 3 cm from separator. Average speed, maximum and minimum
speed, distance traveled, freezing, swimming, and rapid time movement percentage, interaction time
percentage, longest duration in separator side percentage, and average distance to separator were
analyzed (Figure 1B). In current social interaction test, we assessed the ability of zebrafish to interact
with conspecifics. Conspecifics stimulation in this test affected the preference of the untreated wild
type fish. The untreated wild type fish generally preferred to spend more time closer to a conspecific
fish: over 70% of the time. It was shown by the increment of interaction time percentage and longest
duration in separator (p < 0.0001) (Figure 3H,I) for both male and female. Average distance to separator
was also found to be significantly decreased when conspecific fish was placed in the experimental
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tank (p < 0.0001) (Figure 3]J). Meanwhile, there was no significant difference in the average speed
endpoint between the unstimulated fish and conspecifics stimulated fish (Figure 3G). While ethanol
could affect zebrafish behavior in the other behavior tests which were conducted in this experiment,
low concentration of ethanol treated fish appeared to have similar social interaction behavior with the
control fish in this test. This was proved by the same level of interaction time percentage and longest
duration in the separator side within the control and ethanol treated fish (Figure 3G,H). Surprisingly,
higher locomotion activity than the control fish was shown in the ethanol treated fish which was
indicated by a higher average speed and average distance to separator (p < 0.05; p < 0.01; p < 0.0001)
(Figure 3LJ). The locomotion trajectories and behavioral changes for social interaction can be found in
Figure 3L and Video S4.

The shoaling test was conducted in the tank filled with 1.25 L of water. In this experiment,
4 groups of untreated wild type zebrafish, differing in sample size (from 2 to 5 number of fish) were
placed for 5 min in the test tank for acclimation. In the meantime, groups of 3 zebrafish were applied
for ethanol treated zebrafish. After fish acclimated to the experimental conditions, their behavior
was recorded for 5 min. The shoaling behavior was assessed through average speed, maximum and
minimum speed, distance traveled, freezing, swimming and rapid movement percentage, time in
top percentage, average inter-fish distance, average shoal area, average distance to center of the tank,
and average nearest and farthest neighbor distance (Figure 1B). In the shoaling test, the anxiety level
was significantly lower compared to only one fish in the control group when zebrafish was placed
in groups of 2 to 5 fish. In other words, groups of zebrafish exposure significantly decreased anxiety
level in all of shoaling test endpoints (Figure 4). As seen in Figure 4B, zebrafish in groups of 2, 3,
and 4 spent longer duration at the top of the tank, which indicated less anxiety (p < 0.05). In fact,
zebrafish in groups of five spent the longest time at the top among groups (p < 0.0001). Interestingly,
the average swimming speed decreased the more zebrafish there were in a group, suggesting an overall
lower anxiety level (p < 0.05) (Figure 4A). There were also significant differences in average inter-fish
distance between fish in groups of 2, 3,4, and 5 (p < 0.01; p < 0.001; p < 0.0001) (Figure 4D); however,
fish in groups of 3 and 5 shoal exhibited a lower average distance to center of the tank compared to
other groups (p < 0.01) (Figure 4C). The 5-fish shoal displayed farthest neighbor distance (Figure 4E)
and large average shoal area (Figure 4F) compared to the other groups (p < 0.0001). On the contrary,
when zebrafish were treated with 0.1% ethanol, they formed very tight shoals in groups of 3 fish.
This kind of shoal can be indicated by shorter average inter-fish distance, average farthest neighbor
distance, and narrower average shoal area (p < 0.01; p < 0.0001) (Figure 4]-L) compared to the control
fish. Besides its effect on the shoaling behavior, ethanol also altered the exploratory behavior of the
shoal, shown by the low time spent in top duration and average distance to the center of the tank
(p < 0.0001) (Figure 4H,I). In addition, the decrement of the average speed in ethanol treated fish also
represented less locomotion activity in those fish (p < 0.0001) (Figure 4G). The locomotion trajectories
and behavioral changes for shoaling assay can be found in Figure 4M and Video S5.
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Figure 4. Comparison of zebrafish shoaling behavior affected by different shoal sizes or 0.1% ethanol
exposure. For shoal size comparison, six endpoints of (A) average speed, (B) time in top duration,
(C) average distance to center of the tank, (D) average inter-fish distance, (E) average farthest neighbor
distance, (F) average shoal area were analyzed. The data are expressed as the means and were analyzed
by Mann-Whitney test (1 1 Fish = 30; n 2 Fish = 40; n 3 Fish = 60; n 3 Fish = 40; n 5 Fish = 50; * p < 0.05,
**p < 0.01****, p < 0.0001). For 0.1% ethanol exposure (shoaling size = 3), six endpoints of (G) average
speed, (H) time in top duration, (I) average distance to center of the tank, (J) average inter-fish distance,
(K) average farthest neighbor distance, (L) average shoal area were analyzed. The data are expressed
as the means and were analyzed by Mann-Whitney test (n = 30; ** p < 0.01, *** p < 0.001, **** p < 0.0001).
The locomotion trajectories for shoaling were summarized in (M).

4. Discussion

In this study, we established a novel and versatile setup to assess multiple behavior endpoints
simultaneously in zebrafish by using five different behavior tests: the novel tank diving test,
mirror-biting test, predator test, social interaction, and shoaling test. The zebrafish exhibited different
behavioral responses to the five tests conditions and their trajectory changes can be tracked by using
an open source video-tracking software, idTracker. All of the behavior endpoints can be measured by
using this novel zebrafish tower are listed in Table 1.

The novel tank test is based on natural instinct within animal seeking protection in a new
environment by freezing, diving, and reducing exploration. As the fish gradually acclimates to the
novel environment, an increase in exploration mostly occurs [18]. In the novel tank test presented
in this study, response was observed and quantified through recording camera, and the phenotypic
measurements were done by computerized video tracking. Significant changes, such as increased time
spent at the top, increased number of entries to the top, increased total distance traveled to the top,
and decreased latency to enter the top, were already displayed within the first 5 min of acclimation.
Interestingly, longer acclimation time (~15 min) was required to restore freezing time movement ratio.
Despite a small decrease of freezing time movement ratio within the first 5 min, it showed that zebrafish
locomotor was strongly affected by an exposure to a new environment. On the other hand, the average
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speed for zebrafish showed no significant change within 30 min which represents undistributed
zebrafish movement types (freezing movement, swimming movement, and rapid movement) before
15 min acclimation. Generally, these results were consistent with previous findings, in which the fish
responded to anxiety by diving deeper into the tank in a novel environment. Therefore, the reactions
demonstrated the natural instinct of a fish to seek protection in an unfamiliar habitat by lingering
close to the base/wall, freezing, and reduced exploration. After 15 min acclimation, the fish increased
its exploration behavior and became familiarized with the surroundings. On the contrary to the
untreated wild type zebrafish behaviors, acute exposure of 0.1% ethanol was found to give significant
anxiogenic-like effects to zebrafish behavior when they were exposed to new environment. As has been
widely reported, ethanol induced significant dose-dependent locomotor hypoactivity or hyperactivity
in zebrafish [37]. In another behavior study done by Lockwood et al. (2004) [36], they showed
that larval zebrafish exhibited chronic sensitivity to ethanol in a dose- and time-dependent manner.
They initially become hyperactive, and as ethanol accumulates, they become hypoactive and sedated,
which is similar to what has been observed in humans and other animal models [38]. In this study,
the lack of overt behavioral responses caused by ethanol accumulation were shown by significantly low
locomotion activity and reduced exploratory behavior, suggesting higher level of stress and anxiety in
ethanol treated fish. In agreement with earlier reports on the behavioral effects of ethanol withdrawal,
our results demonstrate the ability of psychoactive drug to elicit withdrawal-related phenotypes in
zebrafish [39]. When compared to the open-field test in rodent, the novel tank test in zebrafish proved
that it can also be considered as an animal model to study anxiety [5,18].

Aggression has been studied in other fish species including Siamese fighting fish (Betta splendens)
and family Cichlidae, yet, these species do not have the effective genetic development that is in zebrafish.
Hence, characterization of the zebrafish and development of appropriate quantification techniques
to measure its behavior associated to aggression are very important [40]. In the mirror-biting test,
most of the zebrafish showed aggressive behavior during the first ten minutes. An increase in mirror
biting time percentage as well as longer duration spent near mirror was observed. This suggested
that the zebrafish may perceived their own mirror image as themselves, and fish that displayed
reduced aggression phenomenon was considered having lack of social behavior and may have
neurological disorder [41]. However, the zebrafish locomotor activity was not affected by the mirror
stimulation. No significant difference was observed for the average speed, freezing time movement
ratio, and swimming movement time ratio. Nevertheless, there was a slight increase in rapid movement
time ratio of zebrafish in tanks with mirror, which suggested that zebrafish that failed to obtain
any physical contact may trigger aggressiveness through the rapid movement towards the mirror
image (Figure 3F). In zebrafish, agonistic behavior can be modified by exposure to pharmacological
compounds including ethanol. In this study, exposure of low concentration of EtOH decreased
aggression of the fish. Reduced mirror biting time and longest duration in the mirror side indicated
that the EtOH treated fish loss their aggression. This result is in line with previous report on the
aggressive behavioral effects of ethanol by Norton et al. (2010) and Pham et al. (2012). After ethanol
exposure, the fish aggression will be inhibited at a chronic exposure or high sedative dose [22,42].

Laboratory studies have shown that zebrafish exhibits fright reactions in response to both visual
and olfactory cues when facing predators [43]. Zebrafish may respond to predator in a variety of ways
that may be categorized as either active avoidance (panic, escape/fleeing, and erratic movements)
or passive avoidance (remaining still, or moving more slowly) [44]. In this test, zebrafish were
observed to move away from the living predator of convict cichlid. This phenomenon was supported
with a lower predator approaching time percentage and a higher average distance from separator,
which were consistent with previous findings [4]. As expected, the predator model paradigm induced
fear responses when a predator was near. The fear response indeed resulted in higher average distance
to separator when the predator was present. Furthermore, the presence of the predator caused a slight
decrease in average speed, increased freezing time movement ratio, and decreased swimming time
movement ratio. Our results were supported by previous studies that suggest zebrafish freezing or
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crowding reaction in response to a fear stimulus [2]. In addition, alcohol may modify this behavioral
response either by altering levels of anxiety, perceptual, or motor mechanisms. In our experiment,
acute 0.1% ethanol treatment caused the fish to lose their anti-predatory behavior, showed by increment
of predator approaching time and decrement of average distance to separator between the predator
and tested fish. In consistent with previous findings, accumulation of alcohol can impair zebrafish
anti-predatory behavior, including lower jumping frequency, which is possibly as a result of the
anxiolytic effect of alcohol [42,45-47].

Zebrafish are a highly social species and it is known to be inclined to staying near to its conspecifics
both in the laboratory and by nature. A solitary zebrafish in a tank is expected to approach and stay in
the proximity of a group of conspecifics upon presentation to the group [48]. In this social interaction
test, different genders were introduced to determine the social preference of male zebrafish subjects.
Opverall, fish preferred to spend longer time with a conspecific fish regardless of its gender. A significant
increase of interaction time percentage, increased time spent in separator side, and decreased average
distance to separator were observed, which is consistent with previous reports stating fish tends to
spend longer time with its conspecific [20,41]. This further validates that zebrafish are a highly social
species that often form shoals and swim in groups. Nonetheless, the social preference of male zebrafish
was not affected by different genders of the same species.

Furthermore, in both humans and in comparative animal models, exposure to moderate levels of
alcohol during early brain development leads to numerous behavioral problems such as abnormal
social behavior [47]. However, here, we acutely exposed adult zebrafish to a low level of ethanol,
and observed no significant differences between the ethanol treated fish and control fish in their
social interaction behavior. The current ethanol exposure only slightly reduced individual social
behavior in this species, showed by higher average distance of the treated fish to the separator [49].
This phenomenon possibly due to low concentration of ethanol used in this experiment.

Shoaling is the formation of a relatively non-polarized groups of adult zebrafish, held together
by social pressures. Like other teleost, zebrafish form shoals when placed in a novel tank, and this
strategy allows fast adaptation to the new environment and represents a functional unity that ensures
protection and safety [50]. The shoaling test is used to assess overall social behaviors in a group of
zebrafish and reflect stress or anxiety in zebrafish. For example, a high level of anxiety /fear can cause
the shoal to “tighten” (the fish swim closer together) with a smaller inter-fish distance and potentially
forming a school [22]. In this test, zebrafish spent most of their time swimming in dynamic groups.
One of the shoaling behaviors this experiment showed was the decreased average speed of movement
in zebrafish when put in groups; this corresponds to the experiment conducted by Miller et al. [51].
Furthermore, zebrafish in groups of 3, 4, and 5 were less stressed compared to fish in groups of 2.
Based on their swimming behavior, zebrafish with lower anxiety tended to swim looser in shoals
with an increased inter-fish distance. This was also demonstrated by reduced average distance to
center of the tank with fish in groups of 3, 4, and 5. The shoaling test is also expected to reveal
potential thigmotactic behavior in zebrafish to account for their reaction to fear [52]. Another anxiety
parameter is the exploratory behavior of the fish, which can be accessed by the time spent at the top
of the tank. The results were consistent with previous research done by Pagnussat et al. [3] when
groups of zebrafish were placed in a novel tank, the new environment become the main stress factor,
however their cohesion and cooperative function as a group was preserved. Therefore, zebrafish in
groups will spend longer duration at the top portion of the tank. In addition, when exposed to a new
tank, single fish were more stressed than groups of fish [3]. Also, the exploratory behavior increased in
both shoal area and average farthest neighbor distance. The shoaling zebrafish were more dispersed in
the split depth tank and they were able to explore both shallow and deep areas [50]. On the other hand,
when fish were exposed acutely with a low concentration of ethanol, they exhibited different shoaling
behavior. Confirming previous results, our results showed that low dose of ethanol caused the fish
to form tighten shoal [37]. This shoaling pattern was indicated by reduced nearest neighbor distance
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and this abnormality most likely due to the disinhibitory effect of ethanol, allowing conspecifics to
approach closer than controls [22].

In the future, we believe this method also can be used to understand the modeling of zebrafish
biological behavior that can be later used for simulation purposes. Based on the recorded motion data,
motions of animal is possible to be accurately synthesized by involving various combinations of recorded
sequences [53]. Social interaction of zebrafish studies also can contribute in the field of human behavior
study since they are highly social species with a complex structure like human beings. For an example,
the interaction of zebrafish becomes different when they form a shoal. This is also the case in grouped
of humans when interaction becomes an essential part of the overall group behavior [54]. Furthermore,
several models have been studied over the past twenty years to simulate individuals, groups, and crowds
of character of human for different purposes even though little effort has been made to really understand
how humans avoid colliding with each other in real-life and navigate interactions [55,56].

In this pioneer study, a robust and reliable system was established to validate the correlation
of zebrafish behavioral endpoints with anxiety and fear-related phenotypes following the exposure
of low concentration ethanol treated fish to a novel tank, a predator, conspecific social interactions,
shoaling behavior and self-mirror image. We proposed that these behavioral endpoints can be used in
future investigation for screening potential novel neurotoxic compounds. Most importantly, this setup is
able to accommodate a large number of samples in a single attempt (n = 10 in each test), which make the
scale-up process and high-throughput screening feasible. Although rodents have been the primary animal
model to study neurobehavioral disorder, the utilization of zebrafish to analyze their social interactive
behavior will be able to encourage more research in current mental issues [57-59].

Despite zebrafish being an ideal animal model for neuroscience research, there are still a few minor
drawbacks in this study. While the experiment was performed simultaneously, the operator was required
to transfer all experimental subjects into the tanks as faster as possible to standardize the acclimation period
of each experiment. This may cause unpredicted disturbance to the zebrafish and provoke bias behavioral
responses to anxiety. Furthermore, to process large scale data samples, a high-speed processor computer
with the aid of Graphics Processing Unit (GPU) operation are recommended to boost the overall calculation
speed of fish trajectories. As the operation of idTracker was conducted manually, it was time-consuming
and tedious to perform on large data. Therefore, a simpler and subtle program is needed to develop in
order to speed up the process in the future.

To sum up, a versatile facility was designed and reported in this study that can be used to measure
multiple major behavior endpoints in adult zebrafish for the first time. Our results supported the use
of zebrafish as the next leading model of research in neurological disorders and degeneration. With the
aid of this new tools, we believe it will have great breakthrough for researches like phenotypic screen of
genetic mutants, pharmaceutical and toxicological evaluation of interesting chemical compounds in the
coming future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2411-5134/3/4/75/s1.
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