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HIGHLIGHTS

» Zebrafish are an excellent model species to study complex social phenotypes.

» We describe a novel methodology for automated video-tracking of zebrafish shoaling.

» Our method is bi-directionally sensitive to various experimental manipulations.

» A significant correlation was found between novel and traditional (manual) analyses of shoaling.
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ABSTRACT

Zebrafish (Danio rerio) are rapidly becoming an important model organism in neuroscience research, rep-
resenting an excellent species to study complex social phenotypes. Zebrafish actively form shoals, which
can be used to quantify their shoaling behaviors, highly sensitive to various experimental manipulations.
Recent advances in video-tracking techniques have enabled simultaneous tracking of multiple subjects,
previously assessed by manual scoring of animal behavior. Here we examined the effect of group-size in
the shoaling paradigm (ranging from 2 to 8 fish), and evaluated the ability of novel video-tracking tools
to accurately track an entire shoal, compared to traditional manual analysis of shoaling phenotypes. To
further validate our approach, the effects of the psychotropic drugs lysergic acid diethylamide (LSD) and
3,4-methlenedioxymethamphetamine (MDMA), as well as exposure to alarm pheromone, previously
shown to affect zebrafish shoaling, were examined. Overall, a significant difference in group size was
shown in the 2-fish vs. the 3-, 4-, 5-, 6-, 7- and 8-fish groups. Moreover, both LSD and MDMA treatments
reduced shoaling (assessed by increased inter-fish distance) as well as proximity (time spent together)
among fish. In contrast, exposure to alarm pheromone yielded an increase in shoaling and in proximity in
a time-dependent manner. Importantly, a highly significant correlation for manual vs. automated analy-
ses was revealed across all experiments. Collectively, this study further supports the utility of zebrafish
to study social behavior, also demonstrating the capacity of video-tracking technology to assess zebrafish
shoaling in a high-throughput and reliable manner.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

(Miller et al., 1987; Potegal et al., 1993; Price et al., 1994;
Sassenrath and Chapman, 1976; Saverino and Gerlai, 2008).

The characterization of social interactions in both humans However, the biological mechanisms underlying social behav-
and animals is a key approach for studying social behavior ior in vertebrates are complex, and remain poorly understood.

Abbreviations: ANOVA, analysis of variance; LSD, lysergic acid diethylamide;
MDMA, 3,4-methlenedioxymethamphetamine; SIM, Social Interaction Module.
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Deficits in social interactions represent a common endopheno-
type of various neurobehavioral disorders, including schizophrenia
(Figueira and Brissos, 2011) and autism (Veness et al., 2012).

Due to their fully characterized genome, robust behavioral
responses and high-throughput nature, zebrafish (Danio rerio) have
emerged as acomplementary model in biomedical research (Cachat
et al,, 2011; Kyzar et al., 2012; Stewart et al,, 2011). While pri-
mates and rodents have traditionally been utilized to study the
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genetic and neural underpinning of social interactions (Fano et al.,
2001; Ribeiro Do Couto et al., 2009; Sassenrath and Chapman,
1976), zebrafish can also be used for examining both normal and
aberrant social behavior (Miller and Gerlai, 2007). Shoaling, an
important evolutionarily conserved behavior, has long been iden-
tified in zebrafish (Mc and Bradner, 1998; Reyhanian et al., 2011;
Ward et al,, 2008), representing the interaction of a number of
animals moving together in coordinated movements (Buske and
Gerlai, 2011b; Krause et al., 2000). In zebrafish, shoaling is an
innate behavior maintained at a relatively stable and high level
throughout the lifespan (Miller and Gerlai, 2007), but is also modu-
lated by social learning (Engeszer et al., 2004). Extensively used in
zebrafish research, shoaling assays have been used to study onto-
genesis (Fukuda et al., 2010), effects of environmental stressors
(Brierley and Cox, 2010), behavioral organization (Krause et al.,
2000), genetic factors (Wright and Krause, 2006; Wright et al., 2006,
2003) and pharmacological modulation (Buske and Gerlai, 2011a;
Grossman et al., 2011; Kurta and Palestis, 2010; Riehl et al., 2011;
Speedie and Gerlai, 2008).

Conventional shoaling tests have long relied upon manual anal-
ysis of easily quantifiable endpoints collected from photographs
or video-captured static images. Simpler paradigms have included
measuring the preference of a single zebrafish placed in a central
compartment of a test tank flanked by two adjacent compartments
which contain a shoal of conspecifics or are empty (Wright and
Krause, 2006). More recent attempts to assess the internal dynam-
ics of association among fish in free-swimming shoals have focused
predominantly on measuring inter- and intra-fish distances over
the course of a series of video frames (see Pham et al., 2012; Miller
and Gerlai, 2007 for review).

While computationally based programs have been developed
to quantify several parameters of group cohesion in zebrafish, loca-
tions of the animals must still be coded manually (Miller and Gerlai,
2007). Thus, the previous applications of video-tracking technol-
ogy in shoaling tests have focused on increasing the efficiency and
speed of manual coding, and not full-scale automation. In par-
ticular, no methodology was available that enables an automatic
identification of freely swimming fish location within a shoal from
a video source.

Here we apply the Social Interaction Module (SIM; Noldus,
2011) of EthoVision XT8.5 software (Noldus Information Technol-
ogy, Wageningen, Netherlands) for detecting multiple unmarked
animals in a social context, capable of assessing zebrafish shoal-
ing behavior by simultaneously tracking all fish and recording
dynamic changes in social behavior between the subjects. Overall,
this approach offers a novel, high-throughput method of measuring
zebrafish shoaling with its temporal dynamics on par with tradi-
tional manual analyses, as well as the ability to track alterations in
shoaling behavior evoked by various experimental manipulations.

2. Methods
2.1. Animals and housing

A total of 171 adult (5-8-month-old) ‘wild type’ short-fin
zebrafish (~50:50 male:female ratio) were obtained from a com-
mercial distributor (50 Fathoms, Metairie, LA). All fish were given
at least 14 days to acclimate to the laboratory environment and
housed in groups of 20-30 fish per 40-L tank. Tanks were filled
with filtered system water and maintained at 25-27 °C. Illumina-
tion (1000-1100 Ix) was provided by ceiling-mounted fluorescent
lights on a 12-h cycle (on: 6:00h, off: 18:00h) according to the
standards of zebrafish care (Westerfield, 2000). All fish used in
this study were experimentally naive and fed Tetramin Tropi-
cal Flakes (Tetra USA, Blacksburg, VA) twice a day. Following

behavioral testing, the animals were euthanized in 500 mg/L Tri-
caine (Sigma-Aldrich, St. Louis, MO).

2.2. Behavioral testing and manual analyses of shoaling data

Behavioral testing was performed between 11:00 and 15:00 h
using tanks with water adjusted to the holding room temperature.
Prior to testing, fish were pre-exposed in a 1-L plastic beaker for
20 min to either drug-treated or drug-free vehicle solution. Dur-
ing testing, zebrafish behavior was recorded by 2-3 highly trained
observers, manually scoring different behavioral endpoints (inter-
rater and intra-rater reliability >0.85) with subsequent automated
analysis of recordings by EthoVision XT8.5 software paired with the
SIM add-on package.

The shoaling test, assessing social/group behavior in zebrafish,
was chosen based on the sensitivity of zebrafish shoaling to various
psychotropic drugs and experimental manipulations (Grossman
et al., 2010; Saverino and Gerlai, 2008; Speedie and Gerlai, 2008).
Experiment 1 examined the effect of group size (number of sub-
jects) in the shoaling paradigm. In this experiment, 7 groups of
zebrafish, differing in sample size (from 2 to 8) were placed for
20 min in 1-L plastic beaker (with drug-free water) for acclimation,
and group-tested in the novel tank observation apparatus (a 1.5-L
trapezoidal Plexiglas tank 15 cm height x 28 cm top x 23 cm bot-
tom x 7 cm width; Aquatic Habitats, Apopka, FL). This experiment
allowed us to establish optimal shoal size (4 fish) for generating
robust behavioral data without slowing computing time or high
degree of subject overlap, representing a common problem with
bigger shoals.

In Experiment 2, groups of 4 zebrafish (n=8-12 per drug) were
pre-exposed ina 1-L plastic beaker for 20 min to either drug-treated
water (100 pg/L LSD or 80 mg/L MDMA) or drug-free water, and
group-tested (three 4-fish cohorts per trial) in the novel tank. This
experiment was used to confirm the sensitivity of our method to
pharmacological modulation of zebrafish behavior by compounds
that can disrupt shoaling.

Finally, in Experiment 3, groups of 4 fish (n=8 in each cohort)
were allowed to acclimate in the novel tank for 3 min, prior to being
treated with 7 mL of drug-free control water or freshly extracted
alarm pheromone, which were added directly to the novel tank (see
Cachatetal., 2010; Egan et al., 2009 for details of alarm pheromone
extraction) prior to 6-min video-recording. This experiment was
used to confirm the sensitivity of our method to experimental mod-
ulation of zebrafish behavior by stressors that increase shoaling
cohesion.

All zebrafish shoaling behavior was video-recorded for 6 min,
and manually analyzed using 24 screenshots made every 15 s over
the entire observation period. A total of 72 screenshots (24 per
each shoal) per drug were used for analyses in this study, similar to
Grossman et al. (2010) and Pham et al. (2012). Each screenshot was
calibrated to the size of the tank and analyzed by trained observers,
measuring the distances (cm) between each fish in the group using
ImageTool software (University of Texas Health Sciences Center,
San Antonio, TX), and averaging this data to obtain an average
inter-fish distance per screenshot, as described in Grossman et al.
(2010).

2.3. Video-tracking and track analysis

Recorded videos were also analyzed with EthoVision XT8.5 soft-
ware (Grieco et al., 2011), as described previously (Cachat et al.,
2011), with the addition of the SIM. All arenas were calibrated
across the bottom wall of the tanks, and the calibration axes were
placed to designate the origin (0,0) at the tank center. Behav-
ioral data were exported to Excel to generate total and per-minute
plots for each endpoint. The SIM (Noldus, 2011) is an add-on to
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the EthoVision XT program that enables tracking multiple sub-
jects across an entire trial, using either color marking tracker or
center-point detection. Since marking zebrafish with unique colors
is methodologically difficult, center-point detection of unmarked
animals (using the same algorithms as the marker-assisted track-
ing) was chosen as the default setting for all experiments, followed
by averaging data for each group. EthoVision XT software analyses
each frame and distinguishes the object(s) from the background
on the basis of their greyscale/brightness values, extracting the co-
ordinates of the geometric center and surface area for each object
per frame (see Noldus, 2011; Grieco et al., 2011 for methodological
details). Average inter-fish distance was calculated by averaging
inter-fish distances between all members of the shoal. Inter-fish
distance was defined as the distance between two subjects as mea-
sured from the center point of each fish. Proximity duration (s) was
defined here as the average amount of time a subject spent close
(within 0.5 cm) to another subject. In all experiments, the subject
loss due to misdetection by video-tracking software was <2%.

2.4. Statistical analysis

The experimental data was analyzed using one-way ANOVA
(factor: treatment or shoal size), one-way ANOVA with repeated
measures (time) followed by post hoc Tukey testing for signifi-
cant ANOVA data, or by non-paired Mann-Whitney U-test, where
appropriate. Comparison of manual and SIM-generated data was
determined by Spearman correlation. Data were expressed as
mean + SEM; significance was set at p<0.05 in all experiments of
this study.

3. Results

In Experiment 1, there were no significant differences in inter-
fish distance between groups of 3, 4, 5, 6, 7 and 8 fish for manual
or automated recordings (Fig. 1). The 2-fish shoal displayed a
smaller inter-fish distance vs. the other groups in both man-
ual (Fg167)=12.8, p<0.0001) and automated data (F41)=13.9,
p<0.0001; Fig. 1). Comparing the manual results to the SIM-
generated data, we found a similar pattern, with significant
correlation between manual and automated data for each of the
groups (R=0.7, p<0.0001). There was also a strong negative cor-
relation between inter-fish distance and proximity for the 2-fish
shoals (R=-0.77 to —0.90, p<0.01-0.05).

Experiment 2 (Fig. 2) assessed the effect of LSD and
MDMA on zebrafish shoaling. Both hallucinogenic drugs signif-
icantly increased inter-fish distance relative to controls in both
manual (Fz53y=21.7, p<0.0001) and SIM-generated recordings
(F2,53y=68.7, p<0.0001). In addition to inter-fish distance, we also
assessed proximity duration, which was significantly decreased vs.
control by both drugs (F53)=12.8, p<0.05; Fig. 3). As in Exper-
iment 1, there was significant correlation (R=0.80, p<0.0001)
between manually recorded and SIM-generated shoaling data. The
LSD-treated group also showed significant correlation (R=—0.40,
p<0.05) between inter-fish distance and proximity (albeit the con-
trol and MDMA-treated groups did not reach significance).

Having demonstrated the ability of SIM to accurately track a
decrease in shoaling by LSD and MDMA treatments, we designed
Experiment 3 to examine the efficacy of our approach in tracking
a tightening of the shoal evoked by alarm pheromone, a proce-
dure generally well-known to evoke stress responses in zebrafish,
including a marked tightening of the shoals (Jesuthasan and
Mathuru, 2008; Parra et al., 2009; Speedie and Gerlai, 2008). Auto-
mated data shows that alarm pheromone significantly decreased
inter-fish distance (tighter shoals) as compared to the controls in
both manual (p <0.0001) and SIM-generated data (p <0.001), which
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Fig. 1. Behavioral effects of different shoal sizes (2-8 fish) on zebrafish in the novel
tank (Experiment 1). Shoaling endpoints (average inter-fish distance and average
proximity duration) were obtained in the standard 6-min shoaling paradigm in the
novel tank (n=6-8 per group). Data was generated by Noldus EthoVision XT 8.5
software using side-view video-recording. Significant correlation was demonstrated
between manual and automated data for each of the groups (Spearman correlation;
R=0.7-0.9,p<0.0001). *p <0.05, **p <0.001 vs. 2-fish shoal cohort by post hoc Tukey
test for significant ANOVA data.

was especially pronounced within the first 90 s of treatment (Fig. 2).
Since alarm pheromone is a fast-acting stressor inducing rapid,
short-lasted behavioral effects in zebrafish, we further examined
the time-course of its effects on zebrafish shoaling using 15-s time
bins. Although showing no significance vs. control for cumulative
proximity (p<0.1), the time course of alarm pheromone actions
shows some immediate responses to alarm pheromone, as detected
by SIM within 90 s of the exposure (Figs. 2 and 3).

A significant correlation (R=0.15, p <0.001) was found between
manual and SIM-generated inter-fish distance data (albeit statisti-
cally significant, this correlation is rather weak in this experiment,
due to the complex, dynamic nature of alarm pheromone action
on zebrafish (Fig. 2) that increases the overall variance of shoaling
data). Finally, a significant negative correlation of the SIM-
generated inter-fish distance with proximity (R=-0.45, p<0.0001)
was also observed for the experimental group in this study.

4. Discussion

This study introduces a novel automated video-tracking method
which is capable of assessing zebrafish shoaling behavior (with-
out the need to mark individual fish), and is bi-directionally
sensitive to experimental manipulations that affect zebrafish shoal-
ing responses. Complementing currently used zebrafish shoaling
assays (Buske and Gerlai, 2011a; Grossman et al., 2011; Kurta and
Palestis, 2010; Riehl et al., 2011; Speedie and Gerlai, 2008), this
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Fig. 2. Behavioral effects of acute 20-min exposure to the hallucinogenic drugs lysergic acid diethylamide (LSD), 3,4-methlenedioxymethamphetamine (MDMA; Experiment
2) and acute 3-min exposure to alarm pheromone (Experiment 3) on zebrafish tested in the novel tank. Shoaling endpoints (average inter-fish distance and proximity
duration) were obtained in the standard 6-min shoaling paradigm for 100 pg/L LSD, 80 mg/L MDMA and 7 mL of alarm pheromone extract. Data was generated by Noldus
EthoVision XT 8.5 software using the side-view video-recording; *p <0.05, **p <0.001 vs. respective control by post hoc Tukey test (for significant ANOVA data) or by U-test,
where appropriate.
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Fig. 3. Behavioral effects on proximity duration (s) following acute 20-min acute exposure to the hallucinogenic drugs lysergic acid diethylamide (LSD), 3,4-
methlenedioxymethamphetamine (MDMA; Experiment 2) and acute 3-min exposure to alarm pheromone (Experiment 3) on zebrafish tested in the novel tank. Shoaling
data (average proximity duration) were obtained in the standard 6-min shoaling paradigm for 100 pg/L LSD, 80 mg/L MDMA and 7 mL of alarm pheromone extract. Data
was generated by Noldus EthoVision XT 8.5 software using the side-view video-recording; *p <0.05, **p <0.001 vs. respective control by post hoc Tukey test for significant
ANOVA data.
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protocol allows for a fast and efficient analysis of an already robust
behavioral paradigm. Our results have shown a high correlation
between manual and automated results, validating this new, high-
throughput approach to phenotyping zebrafish shoaling responses.
Previously used manual methods of shoaling analysis have relied on
relatively large shoals (e.g., including groups of 8 fish) to effectively
quantify shoaling behavior (Grossman et al., 2010). The ability of
zebrafish to swimin groups presents some limitations to computer-
based shoaling analysis, mainly due to overlapping of objects if
tested in groups of 6, 7, or 8 zebrafish. For example, as fish travel
behind each other, the computer can lose track of subjects if too
many are present, ultimately resulting in higher percentage of sub-
jectloss.However, in our study, this percentage was rather low (<2%
subject loss), confirming the optimal detection settings used here.
Groups of 5 fish and under proved to be easier to track in SIM, as
results from Experiment 1 (showing no difference in inter-fish dis-
tance between groups of 3, 4, 5, 6, 7 and 8 fish) support the notion
that smaller groups do, in fact, display similar shoaling tenden-
cies to the larger (e.g., 8-fish) shoals. Comparing the manual results
with the software-generated data shows high correlation among
all groups, especially the 4-fish group, indicating that automated
recordings of zebrafish group behavior can be as effective as manual
recording, and that 4-fish shoals can be optimal for such studies.

In addition to the ability to track zebrafish shoals of differing
size, SIM also demonstrated the ability to track and differenti-
ate the effects of various experimental modulations. For example,
SIM was able to properly track and analyze decreased shoaling
behavior evoked by LSD and MDMA administration as well as
accurately identify increased shoaling (decreased inter-fish dis-
tance) in fish treated with alarm pheromone. As expected with
an increased inter-fish distance, SIM detected a decrease in prox-
imity for both LSD and MDMA, with an increase in proximity
under the influence of alarm pheromone at the initial phase of
alarm pheromone action. These observations enable us to intro-
duce the proximity duration as an additional useful index for testing
social phenotypes in zebrafish (Fig. 3), complementing the tradi-
tional measures used in previous shoaling studies (see Pham et al.,
2012; Miller and Gerlai, 2007 for details). Importantly, the prox-
imity parameters can be adjusted using the SIM. In the present
study, a stringent 0.5-cm criterion was applied to characterize close
proximity of zebrafish in the observed shoals. While this yielded
robust behavioral effects (Fig. 3) here, our earlier pilot analyses uti-
lizing a different (2.5 cm; ~one body length) setting showed no
significant difference between any of the groups (data not shown),
thereby emphasizing the importance of correct selection of prox-
imity parameters for obtaining reliable data.

While not without limitations, the application of video-tracking
software to zebrafish has been shown to be as effective as manual
recording. First, the SIM program can track multiple subjects based
on different colors, either applied by marker or sticker, which can
be useful in future studies using zebrafish. However, the software
is still able to track multiple subjects at once without the use of
individual colors, as is the case with our zebrafish experiments. To
optimize detection and prevent subject loss, a smaller number of
subjects is required. Based on our extensive testing and compar-
ison of manual to automated data, the software applied here will
most effectively track 3 to 6 fish (subject lost rate <2%). To further
optimize the analysis, we found an ideal video resolution to record
our test videos, which balances the amount of strain put on the
computer while also giving enough picture clarity to ensure subject
detection. We found that recording in 640 x 480 pixels (30 fps) gave
us the best results, and while a 720-pixel resolution was clearer,
the improved clarity did not result in a overt benefit to justify the
increased computational time for analyzing the videos.

Overall, this study presents a novel protocol for analyz-
ing zebrafish social behavior - a paradigm previously limited

to time-intensive manual analyses. The method described here
demonstrates the capacity of video-tracking technology to assess
zebrafish shoals of various sizes, as well as bi-directional modula-
tion of shoaling behavior by various treatments. This protocol can
be useful in future high-throughput studies focusing on the biolog-
ical mechanisms underlying social behavior (including screening
drugs or genetic mutations affecting social interaction) in zebrafish.
Finally, while currently using a selected software package (SIM),
this study can serve as a proof-of-concept, to foster the develop-
ment of alternative tools and their use by the research community
for neurophenotyping of social behaviors in zebrafish and other
aquatic models.
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