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Abstract

Zebrafish has been recently proposed as a valid animal model to investigate the fundamental
mechanisms regulating emotional behavior and evaluate the modulatory effects exerted by
psychoactive compounds. In this study, we propose a novel methodological framework based on
robotics and information theory to investigate the behavioral response of zebrafish exposed to
acute caffeine treatment. In a binary preference test, we studied the response of caffeine-treated
zebrafish to a replica of a shoal of conspecifics moving in the tank. A purely data-driven
information theoretic approach was used infer the influence of the replica on zebrafish behavior
as a function of caffeine concentration. Our results demonstrate that acute caffeine
administration modulates both the average speed and the interaction with the replica.
Specifically, zebrafish exposed to elevated doses of caffeine show reduced locomotion and
increased sensitivity to the motion of the replica. The methodology developed in this study may
complement traditional experimental paradigms developed in the field of behavioral

pharmacology.
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1. Introduction
Anxiety-related disorders represent a widespread emotional disturbance affecting a large
proportion of individuals [1]. Pharmacological studies on animal models may greatly aid our
understanding of these disorders, by affording a tool upon which contributing variables can be
identified, adjusted, and dissected. Among such models, zebrafish (Danio rerio) is becoming a
species of choice [2-5], due to its short inter-generation time, fast reproduction rate, high
stocking density, availability of genetic sequencing, complex social behavior, and elevated
homology of structure and function with human nervous system [4, 6-11]. Among the different
emotional domains addressed in zebrafish, anxiety-related behaviors have been analyzed in detail
through different methodologies [12-19]. Beside the development of these methodologies,
several authors also addressed the extent to which pharmacological treatments — known to
modulate anxiety in humans and other mammals — affected zebrafish behavior [20].

Among different psychoactive compounds, acute caffeine treatment has been utilized to
evoke anxiogenic behavioral responses in novel tank diving test [20-22] and light/dark box [23].
These studies have demonstrated that caffeine elicits characteristic diving behavior, increased
thigmotaxis, reduced exploration, and increased erratic behavior in individual zebrafish. Such
behavioral responses are, in turn, accompanied by elevated whole-body cortisol and brain c-fos
[20, 21, 24]. While these efforts have contributed to the identification of the principal effects of
caffeine on individual response, social behavior has yet to be fully examined [12, 25].

In this study, we propose the integration of robotics and information theory to investigate
the effect of caffeine on zebrafish social behavior. To this aim, we addressed zebrafish response

to a robotic stimulus resembling (in dimension and morphology) a shoal of four conspecifics.



Individual behavior was studied under control conditions and in response to the acute
administration of caffeine (5, 25, and 50mg/L; 0.026, 0.129, and 0.257 mM respectively).
Specifically, in a binary preference test, we have studied the behavioral response of zebrafish
subjects to a replica externally controlled using a mechanical platform [26, 27]. Based on
experimental evidence indicating that anxiety-evoking stimuli result in increased shoaling
tendency [12, 28-30], we expected that increasing caffeine concentration would result in a
sronger interaction between the fish and the replica of conspecifics.

The interaction between the fish and the replica was quantified in an information
theoretical framework through the transfer entropy, a construct often used to measure the mutual
information flow between two dynamical systems and only recently proposed for the analysis of
social behavior [26]. Transfer entropy quantifies the predictive power of a time series to
anticipate another, possibly coupled, time series [31, 32]. Specifically, the transfer entropy from
a dynamical system (e.g. the replica) to another (e.g. the fish) can be associated with a causal
relationship between the two systems, manifested in the form of an uncertainty reduction
computed directly from raw time series (e.g. the tracked motion of the replica and the fish in the
tank) [32]. Differently from traditional measures of shoaling tendency based on physical
proximity [12], our approach considers the swimming bouts that the live fish takes up from the
prescribed motion of the replica. In other words, transfer entropy is used to approximate the
degree of predictability of fish position in time from the prescribed motion of the replica. In
addition to influencing the interaction with the replica, we also anticipated that acute caffeine
administration would modulate fish speed and activity along the water column based on

available literature [12, 20, 25, 33].



The use of a robotic stimulus is grounded on the need to generate a controllable and
repeatable visual stimulus [19, 34] on which to test the effect of caffeine. Specifically, the
platform was pre-programmed independently of the motion of the live subjects to facilitate the
assessment of information transfer. Given the unidirectional nature of the interaction, we treated
the transfer entropy from the fish to the replica as a theoretical lower bound on which to contrast

the transfer entropy from the replica to the fish.

2. Materials and Methods

This study was approved by the University Animal Welfare Committee of New York

University under protocol number 13-1424.

2.1Animals

A total of 40 wild-type zebrafish, approximately 3 cm in body length, were used in this
experiment. All animals were purchased from an online aquarium source (LiveAquaria.com,
Rhinelande, Wisconsin, USA) and were kept for a minimum of 12 days before experimentation.
Fish were stocked at a housing density less than 1.06 fish/liter in 37.8 liter (10 gallons) tanks, in
a room lit between 9 am to 11 pm by full spectrum fluorescent light. Fish were fed around 7 pm
each day with commercial flake food (Hagen Corp./Nutrafin max, Mansfield, Massachusetts,
USA) acquired from Petland Discount, Brooklyn, New York, USA. Temperature and acidity of

the housing tanks were kept at 27 £ 1°C and 7 = 1 pH, respectively.

2.2Platform and Replica
The replica of the zebrafish shoal was designed in SolidWorks (Dassault Systemes SolidWorks
Corp., Waltham, Massachusetts, USA) and printed on a 3D prototyping machine (Stratasys,

Dimension SST, Eden Prairie, Minnesota, USA) in rigid acrylonitrile butadiene styrene (ABS)



material. Each replica was 3 cm in length and painted using waterproof spray paints (Krylon,
Krylon Products Group, Cleveland, Ohio, USA) to imitate the color pattern of live zebrafish. To
balance the visual cues offered to live fish, we also considered a control stimulus, comprised of
the ABS skeleton holding the shoal replica to the end effector of the platform (see Figure 1).

The replica was actuated using an external platform (Figure 2 (a)). The platform design is
similar to [26] and consisted of a robotic arm with three degrees of freedom, which enabled the
rigid body motion of the fish shoal replica in 2D. The platform comprised three rigid links, each
actuated by a separate servo-motor (Futaba Corporation of America, Schaumburg, Illinois, USA;
and Hitec RCD USA Inc., Poway, California, USA). The servo-motors were controlled using a
pre-programmed microcontroller (Arduino Uno, Arduino, Italy), which allowed for imposing the
desired motion to the end effector, where the replica was attached.

In our study, we selected a linear motion of 3 cm/s superimposed to an oscillation with
amplitude of 10° at 2 Hz to imitate fish thrashing against the walls (based on personal
observations of zebrafish tail beat undulations). As the replica traversed the tank, its orientation
was reversed by 90° every time the direction of motion was changed, so that the replica was

always oriented at an average angle of 45° with respect to the x-axis (Figure 2 (b)).

2.3Experimental Set-up

The set-up consisted of a rectangular 76 cm x 30 cm x 30 cm tank (length, width, and height
respectively). An overhead camera (Logitech Webcam Pro 9000, Newark, California, USA) was
located 65 cm above the water surface to record the 2D motion of the subject and the end
effectors at 15 frames per second. A second camera (Logitech Webcam Pro 9000, Newark,

California, USA) was positioned in front of the tank to observe fish motion in the water column



during habituation at 15 frames per second. The water depth was kept at 26 cm throughout all
trials.

The tank was partitioned into three compartments of 10 cm, 56 cm, and 10 cm length
respectively using two transparent Plexiglas panels (see Figure 3); each 10 cm compartment
constituted a stimulus compartment, while the central 56 cm compartment was used for the focal
zebrafish. White contact paper was used to cover the bottom and all the lateral walls of the tank
except of the one facing the frontal camera. The entire setup was isolated using black opaque
curtains, to prevent external light exposure during the sessions. The only illumination was
provided by two 25 W fluorescent tubes (All-Glass Aquarium, preheat aquarium lamp, UK)
oriented along the tank.

Two platforms were placed on the opposite sides of the tank to move the replica and the

control stimulus in the two stimulus compartments (see Figure 3).

2.4 Drug Administration and Procedure

Experiments were performed in August 2014. Caffeine (CgH1oN4O>; product code C0750; CAS
number 58-08-2) was purchased online from Sigma-Aldrich (St. Louis, Missouri, USA) in a
powdered form, soluble in water. The study comprised four experimental conditions with 10
subjects each. The caffeine dose was varied across conditions, including 0 mg/L (control
condition), 5 mg/L, 25 mg/L, and 50 mg/L. We originally planned to test the effects of a higher
dose of caffeine (100 mg/L); however, a brief pilot experiment indicated that this dose had
considerable side effects and may have significantly impaired animal welfare. For this reason,
we removed this concentration from the study. Due to an experimental error detected after video
examination, one of the trials for the 5 mg/L condition was discarded, leaving this condition with

a total of nine subjects.



Prior to experiments, fish were placed for 20 minutes in a beaker in which the appropriate
caffeine concentration (including the control condition) was dissolved in water [20, 35]. After
the 20-minute exposure period, fish were immediately transferred to the experimental tank using
a hand net for a 20-minute recording session (10 minutes of habituation, 10 minutes of
observation time). The same caffeine concentration was used in the experimental tank to
maintain constant caffeine exposure throughout the trial. After the experiments, fish were placed
in a different tank from the housing tank, to ensure that no animals would be used twice.

During habituation, two black plastic panels covered the stimulus compartments. In the
first six minutes of the habituation time, the motors were kept off and we observed novelty
effects in the focal subjects. Then, the motors were turned on and the black panels were removed
manually. Trials were randomized, so that five trials of each condition were executed in the
morning and the remaining five in the afternoon of a different day. All the experiments were
performed between 9 am and 7 pm. The stimulus presentation was counterbalanced in each
experimental condition, so that the shoal replica and the control stimulus were displayed for five

trials on each side.

2.5Statistical Analysis
All videos collected from the overhead camera were post-processed using a custom-made
automatic tracking system [36] in MATLAB (R2014b; MathWorks, Natick, Massachusetts,
USA), which allowed for tracking the 2D motion of focal subjects and end effectors. Trajectories
were further manually verified and repaired using a MATLAB graphical user interface (GUI) by
superposing the tracked trajectories to the video frames.

These data were used to compute fish average speed, estimate the preference index, and

assess information transfer between the shoal replica and the fish [26]. The preference index was



defined as the ratio between the time spent in the vicinity of the replica divided by the time spent
in the vicinity of either the replica or the control stimulus [19]. Following [37], the fish was
considered close to either the replica or the control stimulus if it were within 1/5 of the middle
compartment, corresponding to approximately four body lengths.

Transfer entropy, an information theoretic quantity often used to infer causal
relationships between two dynamical systems [31], was here utilized to study the information
transfer between fish and replica. If X and Y are two stationary Markov processes of order k and

[ respectively, the transfer entropy flow from Y to X is defined by
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Here, xt(k) and yt(l) indicate the k- and I-tuples comprising outcomes of X and Y from time t-k+1

and t-1+1, respectively, and the current time t; p(x;44, xt(k),yt(l)) is the joint probability

distribution between the value of the process X at time t+1 and both the histories of X and Y;
p(xer11x?, ¥y is the conditional probability distribution of X at time t+1 given both the
histories of X and Y; and p(xtﬂlxt(k)) is the conditional probability distribution of X at time t+1
given only the time history of X; [] denotes summation over all possible outcomes. This quantity
measures the reduction in uncertainty in X at time t+1 given both the time histories of X and Y in
comparison of given only the time history of X; for example, if X is independent of Y then

Ty_x = 0. The transfer entropy is not symmetric, so that the information flow from Y to X is
generally different than the information flow from X to Y. In this sense, given the direction of
dominant information flow, a cause-effect relationship may be inferred between two dynamical
systems [32].

The transfer entropy analysis was conducted with respect to the motion of the fish and the



replica about the short side of the tank, along which the replica was moved. Each time series
comprised 9000 samples. Transfer entropy was computed in both directions (fish to replica and
replica to fish) and for all conditions. Transfer entropy from the replica to the fish should be
related to the reduction in the uncertainty of fish behavior due to the knowledge of the replica
motion. The more fish behavior is influenced by the replica, the higher would be the transfer
entropy from the replica to the fish. This quantity should be contrasted with the transfer entropy
from the fish to the replica. It is the asymmetry between these two quantities, transfer entropy
from fish to replica and transfer entropy from replica to fish, that defines the direction of the
information flow.

Computations were carried out using Process_Network v1.4 software [38] running in
MATLAB. The software parameters were set to the default values except for the number of bins
to compute the empirical probability distribution and the number of workers for parallel
processing. The number of bins was chosen to be 10, so that the length of each bin is
approximately one zebrafish body length. Data was not downsampled and a first-order Markov
chain was considered in the computation so that k = | = 1. The number of parallel workers was
set to four, corresponding to the capacity of our computing system, resulting into a computational
time of approximately three minutes for each trial. The number of shuffled surrogate tests was
set to 100 and no transformation or data filtering were allowed. Computations were verified by
downsampling the data and calculating a variant of Equation (1) that includes a lag between the
two time series [39].

Videos acquired by the front camera were processed using Observer 2.0 (Noldus,
Wageningen, the Netherlands), to score zebrafish diving along the water column. For this

purpose, we divided the water column into two parts (top half and bottom half) to study novelty



effects in the first six minutes of habituation. We computed the time spent in the top half and the
number of transitions between the two halves.

Statistical analysis was performed using repeated measures ANOVA for split-plot
designs, with conditions (0 mg/L, 5 mg/L, 25 mg/L, and 50 mg/L) as between-subjects factors,
and 10 one-minute time intervals (for average speed) and direction of the information flow (for
transfer entropy). Furthermore, in comparison between both directions of the information flow
inside each condition we performed one-way ANOVA. One-way ANOVA was also used to
study differences in the preference index, time spent in the top half, and number of transitions
between the top and bottom halves between conditions. To test whether during habituation fish
preferred the bottom half of the test tank, we performed a one-sample two-tail t-test. Post-hoc
tests for the analysis of average speed, preference index, time spent in the top half, and number
of transitions between the top and bottom halves were performed using Tukey’s HSD.

Significance was set at p < 0.05.

3. Results

Figure 4 demonstrates that the average speed of the focal subjects decreases as a function of
caffeine administration (F3 35 = 5.825, p < 0.05). Post-hoc comparisons indicate that 25mg/L- and
50mg/L-treated subjects swam at a lower speed compared to control subjects (p < 0.05).
Predictably, experimental subjects displayed a significant preference for the bottom half of the
tank during habituation (t; 3s = 3.30, p < 0.01), but caffeine administration did not result in
variations of such preference (Figure 5(a)). However, Figure 5(b) shows that caffeine
administration modulated the number of transitions between the top and bottom halves of the

tank (Fs 35 = 4.656, p < 0.01). Post-hoc comparisons indicate that fish treated with the highest

10



concentration transitioned less frequently between the two halves of the tank than subjects
treated with low and intermediate doses (p < 0.05).

Figure 6 indicates that conditions are indistinguishable in terms of information flow
between fish and replica (Fs 35 = 0.714, p = 0.5501). However, one-way ANOVA to compare the
direction of the information flow demonstrates that at high caffeine concentration, the transfer
entropy from the fish to the replica is less than the transfer entropy from the replica to the fish
(F118 = 10.377, p < 0.01 for 25 mg/L and F; 15 = 6.041, p < 0.05 for 50 mg/L). The significance
of these comparisons is unaltered by varying the time lag between the time series within five
frames. With respect to low caffeine concentration, the difference between the transfer entropy
from the fish to the replica and the transfer entropy from the replica to the fish failed to reach
statistical significance (F1 15 = 4.398, p=0.0522 for 5 mg/L). Downsampling the data with a
sampling period between 1 and 4 s does not induce any inversion of the measured direction of
information flow for all conditions.

Finally, Figure 7 indicates that the preference index does not vary with caffeine
concentration (Fs3s = 0.666, p = 0.578), with live fish spending an approximately equal amount
of time in the vicinity of the replica and the control stimulus. Fish spent on average a half of the
time in the central portion of the middle compartment (3/5 of the total length), away from the
two stimuli (0 mg/L: 64.21 +17.38%, 5 mg/L: 48.22 +20.96 %, 25 mg/L: 48.39 + 22.02 %,

and 50 mg/L: 45.14 + 27.60 %).

4. Discussion
In this work, we have studied the behavioral response of caffeine-treated zebrafish presented
with the visual stimulus of a shoal of conspecifics through an external mechanical platform. Our

results suggest that in addition to altering absolute levels of locomotion, caffeine administration
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modulated the interaction between experimental subjects and the replica measured in an
information theoretic context. Conversely, in partial contrast with our original predictions,
caffeine administration did not apparently modify the preference index in fish-replica
interactions.

Specifically, we have found that zebrafish average speed in response to intermediate and
high caffeine concentrations was significantly lower than the control group. The interaction
between live fish and the replica was studied through the concept of transfer entropy to quantify
causal relationships between the motions of the fish and the pre-programmed replica. Control
and 5 mg/L individuals did not display a robust interaction with the replica, whereby the
difference between the transfer entropies from fish to replica and replica to fish failed to reach
statistical significance. On the other hand, the behavior of subjects treated with intermediate and
high caffeine concentrations was influenced by the motion of the replica, with the transfer
entropy from fish to replica being less than transfer entropy from replica to fish.

The observed variation in fish activity as a function of caffeine administration is in
accordance with previous findings, which have shown that zebrafish speed decreases as caffeine
concentration increases [33, 35]. This effect can be associated with the capacity of caffeine to
inhibit the adenosine A; and Axa receptors [33, 40]. Specifically, the reduction in the average
speed at intermediate and high caffeine doses could be attributed to the blockade of the A;
receptor, while the blockade of A,a receptor could be related to the increase in the average speed
at the lowest doses. Consistent with the literature on novelty tank diving tests [20, 21, 25], we
found that fish exhibited a preference for the bottom half of the test tank during habituation.

However, due the inter-individual variability, the limited number of subjects, and the more

12



modest caffeine treatment compared to the literature, we did not observe major effects associated
with caffeine treatment.

The variation of the fish speed may be further amplified by social behavior, whereby fish
could try to match their speed with the replica (3 cm/s) when exposed to higher caffeine doses.
This hypothesis rests on the anxiogenic action of caffeine and experimental evidence indicating
that anxiety could enhance shoaling tendency [28, 30, 41]. Thus, it is tenable to hypothesize that
intermediate and high caffeine concentrations evoke anxiety-related behavioral responses, which,
in turn, result into a more robust shoaling tendency. Transfer entropy data seem to further
support this possibility, whereby only fish treated at intermediate and high caffeine
concentrations were robustly influenced by the motion of the replica.

Although the replica was designed to mimic a shoal of conspecifics in their
morphophysiology and swimming pattern, it is unlikely that fish perceive the replica as a live
shoal. In fact, untreated fish exhibit a rather modest preference for the replica in comparison with
related experimental studies using live fish as stimuli [37], where preference indices ranged
between 70 and 80% and the time spent in the center of the middle compartment was only 20%
of the total experiment time for live stimuli comprising one or ten conspecifics. While not
perceived as a shoal of conspecifics, the presence of the replica may enrich the environment in a
social context [42-45], which resonates with the anxiogenic action of caffeine to influence fish
behavior. For example, the replica could constitute a stimulus analogous to computer animations,
which, in turn, have been proposed as an effective tool to proxy social context [43].

The information flow between the shoal replica and the fish was quantified using the
theoretic construct of transfer entropy, which we have recently proposed as a valid tool to study

social interactions [26]. Although the numerical estimation of transfer entropy may be
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technically challenging [39], information flow measured in this sense highlights nonlinear
relationships over large interaction delays, which may be misinterpreted using correlation-based
methods [46]. Through the use of transfer entropy, we introduce an objective measure of social
influence that is entirely data-driven and prescinds from a-priori assumptions on the cues
underpinning social behavior. Specifically, the approach only requires the time traces of the
individuals’ motion to elucidate information flow between them, in the form of swimming bouts
that are initiated by an individual and then taken up by the other. Simulated experiments of
collective behavior [47] suggest that such an information theoretical approach could contribute to
the study of social interactions in fish shoals, where information transfer is not limited to
pairwise relationships.

The mechanical platform is another important element of this study, which enables the
delivery of a repeatable and controllable visual stimulus to live subjects [19, 34]. Our prior work
on the use of robotic stimuli has demonstrated that inter-individual response to a robotic stimulus
is more consistent than that exhibited in response to live conspecifics and allopatric predators,
thereby increasing experimental statistical power [19, 34]. Leveraging robotics, we have
designed a novel experimental protocol to investigate the psychoactive action of caffeine on
zebrafish social behavior; we believe that this aspects constitutes a source of novelty compared
to the majority of available literature [12, 25], which has predominantly focused on individual
response.

Overall, this study offers a first demonstration of the possibility of using robotics and
information theory to investigate the effect of anxiogenic compounds on zebrafish social
behavior. Just as robotics enable tailorable and consistent visual stimuli creating a social context,

information theory affords the quantification of the influence of the stimulus on zebrafish
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behavior. While we focused on acute caffeine treatment, the same methodology can be applied to
the analysis of other psychoactive substances [28, 48-50] eliciting anxiogenic or anxiolytic

responses, as well as developmental and chronic treatments [51, 52].
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Figure captions

Figure 1: Visual stimuli. On the left, the shoal of four zebrafish, and on the right the control

stimulus.

Figure 2: Illustration of the platform (a) and top view depicting the linear motion of the end

effector (b).

Figure 3: Hlustration of the experimental set-up, consisting of a tri-partitioned tank with two

identical platforms moving a shoal replica and a control stimulus.

Figure 4: Average speed of focal subjects for different caffeine levels. Curly braces identify

conditions significantly different in post-hoc analysis. Error bars represent £ standard errors.

Figure 5: Diving test during the first six minutes of habituation. Time spent by focal fish in the
top half of the water column is displayed for each condition (a), and number of transitions
between the top and bottom half (b). Curly braces identify conditions significantly different in

post-hoc analysis. Error bars represent + standard errors.

Figure 6: Information flow between the replica and the fish, measured through transfer entropy.
Transfer entropies from fish to replica (fish — replica) and vice versa (replica — fish) are
displayed for each condition. Curly braces identify conditions significantly different in one-way

ANOVA. Error bars represent + standard errors.

Figure 7: Spatial preference toward the replica. Error bars represent + standard errors.
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