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Seeking to match our emotional state with one of those around us is known as
emotional contagion-a fundamental biological process that underlies social behavior
across several species and taxa. While emotional contagion has been traditionally
considered to be a prerogative of mammals and birds, recent findings are demonstrating
otherwise. Here, we investigate emotional contagion in groups of zebrafish, a freshwater
model species which is gaining momentum in preclinical studies. Zebrafish have
high genetic homology to humans, and they exhibit a complex behavioral repertoire
amenable to study social behavior. To investigate whether individual emotional states
can be transmitted to group members, we pharmacologically modulated anxiety-related
behaviors of a single fish through Citalopram administration and we assessed whether
the altered emotional state spread to a group of four untreated conspecifics. By
capitalizing upon our in-house developed tracking algorithm, we successfully preserved
the identity of all the subjects and thoroughly described their individual and social
behavioral phenotypes. In accordance with our predictions, we observed that Citalopram
administration consistently reduced behavioral anxiety of the treated individual, in the
form of reduced geotaxis, and that such a behavioral pattern readily generalized to
the untreated subjects. A transfer entropy analysis of causal interactions within the
group revealed that emotional contagion was directional, whereby the treated individual
influenced untreated subjects, but not vice-versa. This study offers additional evidence
that emotional contagion is biologically preserved in simpler living organisms amenable
to preclinical investigations.

Keywords: behavior, Citalopram, empathy, geotaxis, transfer entropy

INTRODUCTION

Interacting with individuals displaying certain emotional states can elicit similar states in other
group members. This phenomenon is known as emotional contagion and is known to be of
paramount importance to understand the underpinnings of cognition, emotion, and behavior
(Hatfield et al., 1994; Von Scheve and Salmella, 2014). Indeed, primitive emotional contagion is
considered a building block of social interactions through empathy (Decety and Ickes, 2011; Von
Scheve and Salmella, 2014). The spread of emotions can be as contagious as the spread of a virus
(Von Scheve and Salmella, 2014) and, depending on the nature of the emotion and the social
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context, emotional contagion can be detrimental or beneficial.
For instance, in Barsade (2002), it has been shown that the
spreading of positive emotions in human groups improved
cooperation and decreased conflict in a working setting, while
in Bakker and Schaufeli (2000) it was observed that burnout
spreading was more likely if teachers frequently shared with each
other work-related problems.

Evidence of emotional contagion has been documented across
different species and taxa (Brothers, 1989; Palagi et al., 2020). In
non-human animals, emotional contagion has been extensively
investigated in mammals and birds. For instance, in early
experiments with Rhesus macaques (Mirsky et al., 1958; Miller
et al., 1963), it was found that fear induced by a conspecific can be
transmitted to observer monkeys in a separate cage. These early
findings were mechanistically backed by the discovery of mirror
neurons, a set of neurons that fire when a monkey observes an
action performed by another individual (Ferrari et al., 2003).

In rodents, there is a vast literature documenting empathy,
which under Preston and de Waal’s definition is viewed as
a collection of stacking dolls where emotional contagion is
at the center and each layer represents a higher level state,
ranging from cognitive empathy to prosocial behavior (Mogil,
2012, 2019). Within this context, Langford et al. (2006) studied
emotional contagion of pain in mice tested in dyads. They
found that familiarity modulates pain transmission and that
vision is the salient sensory modality through which this
transmission occurs. Similarly, Gonzalez-Liencres et al. (2014)
demonstrated that a mouse observing another mouse in distress
can experience similar emotions and that this contagion is
modulated by familiarity. Zoratto et al. (2018) further extended
these observations by proving that emotional contagion in
mice is sensitive to the intranasal administration of oxytocin,
a hormone that modulates social behavior. Recently, emotional
contagion has been also documented in dogs (Palagi et al., 2015)
and ravens (Adriaense et al., 2019).

In fish, evidence of emotional contagion is not as vast as
in other species (Pérez-Manrique and Gomila, 2021). It has
been argued that fish possess limited cognitive capabilities that
compromise their ability to experience and react to the distress
and suffering exhibited by conspecifics (Rose, 2002; Rose et al.,
2014). Nevertheless, recent evidence on the zebrafish animal
model showed that emotional contagion may extend to the
fish taxon. For instance, Oliveira et al. (2017) observed that
a shoal of zebrafish exhibiting antipredatorial responses to
the imminent threat associated with visual exposure to a live
predator elicited a fear reaction in bystanders. Likewise, Silva
et al. (2019) induced a fear reaction in a demonstrator zebrafish
through an alarm substance and then measured the behavior
of a bystander, swimming in a separate tank. The authors
showed that the bystander exhibited prompt fear reaction despite
swimming in water devoid of alarm substances and that the
underlying emotional contagion was stronger in familiar, rather
than unfamiliar pairs.

Zebrafish is a tropical freshwater species that has been utilized
as amodel organism to answer pressing questions in translational
neuroscience (Stewart et al., 2014) and in biomedical research
to study human diseases (Choi et al., 2021), among many other

disciplines (Norton and Bally-Cuif, 2010; Fontana et al., 2018). A
wide range of key advantages, such as easy maintenance and high
reproduction rate (Nusslein-Volhard and Dahm, 2002), high
homology to humans (Panula et al., 2010), and fully sequenced
and annotated genome (Howe et al., 2013), have made zebrafish
rise as a species of choice in preclinical research.

Here, we seek to contribute to the study of emotional
contagion in zebrafish along two research strands that have
received marginal attention within existing literature. First, we
focus on the reduction rather than an increase of anxiety-related
responses as the target emotion to be propagated in the group.
Second, we overcome the demonstrator/bystander dichotomy to
explore complex interactions that emerge in a group where the
behavior of one individual defers from the norm. To reduce
the anxiety-related behaviors of one of the group members,
that subject was administered Citalopram, a selective serotonin
reuptake inhibitor with known anxiety-reducing effects in
zebrafish (Sackerman et al., 2010; Macrì et al., 2019; Clèment
et al., 2020). In light of the strong effect of Citalopram on
geotaxis, which is a very sensitive measure of anxiety-related
state (Kalueff et al., 2013), we devised an experimental setup
through which this response was maximized. Owing to our
in-house developed multi-target tracking software (Butail et al.,
2013; Bartolini et al., 2015), capable of preserving fish identities
over time, we obtained swimming trajectories of all subjects
and assessed their individual and social behavioral phenotypes.
We hypothesized that an individual experiencing lower levels
of anxiety due to Citalopram treatment can trigger similar
emotions on the group and that this behavior is modulated by
the Citalopram concentration.

MATERIALS AND METHODS

Animal Care and Maintenance
A total of 216 wild-type zebrafish (Danio rerio), with a
heterogeneous genetic background and an average size of
3.5 cm, were used in this study. The fish were purchased
from Carolina Biological Supply Co. (Burlington, NC, USA).
Following standard recommendations (Avdesh et al., 2012;
Aleström et al., 2020), we housed the fish in a 615 L vivarium
[180 cm (length) × 60 cm (height) × 87 cm (width)] at the
stocking density of ∼3 fish/L. The vivarium was equipped with
two canister filters; one Fluval FX6 (Fluval, Hagen Inc, Montreal,
Quebec, Canada) and another one Penn-Plax Cascade (Penn-
Plax, Hauppauge, NY, USA). Water parameters of the holding
tank were regularly checked, and temperature and pH were
maintained at 27◦C and 7.2, respectively. Regular tap water was
used with the addition of a stress coat (AquaSafe plus, Tetra,
Spectrum Brands Inc., Sulzbach, Germany) to remove chlorine
and chloramines. We also added API Quick Start freshwater and
saltwater aquarium Nitrifying bacteria (API, Mars Inc., McLean,
Virginia, USA) to enhance the initial cycling of the tank. We
kept male and female subjects separated using a transparent
perforated separator placed in the middle of the tank. Such a
separation allowed the identification of male and female subjects
to be used in the experiments. This procedure was aimed at
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maintaining the experimental population balanced across sex
in all experimental conditions. Fish were maintained on 12 h
light/12 h dark photo-period and they were fed with commercial
flake food once a day at 7 PM. Prior to the beginning of the
experiments, fish were acclimatized in the holding facility for
approximately 1 month.

Experimental Setup, Pharmacological
Treatments, and Experimental Conditions
The experimental set-up consisted of a rectangular tank, a video
camera (Logitech C910 HD ProWebcam, Logitech, Switzerland)
located in front of the tank, an array of lights, and black curtains
surrounding the test area to minimize potential disturbance from
cues outside the experimental tank. An experimental test section
of 75 cm × 10 cm × 35 cm (length, width, and height) was
arranged inside the tank using corrugated white plastic. The
tank width and depth were selected to promote swimming along
the water column. Such decision rested upon the hypothesis
that SSRIs generally result in an overt alteration of geotaxis
(Sackerman et al., 2010; Macrì et al., 2019; Clèment et al., 2020);
this strategy has been borrowed from available literature (Cachat
et al., 2011; Mathuru et al., 2017).

Experimental subjects were administered a water solution
of Citalopram (Citalopram Hydrobromyde, Sigma-Aldrich,
Burlington, USA) of 0 mg/L (control), 30 mg/L, and 100 mg/L.
Based on available literature (Sackerman et al., 2010; Macrì
et al., 2019), we administer Citalopram through immersion of
the experimental subject in a 500 ml beaker with the desired
concentration for 5 min. Adopting this procedure, Sackerman
et al. (2010) observed the presence of a direct correlation between
Citalopram concentrations in the beaker and in zebrafish brain
following a 3–4 min exposure. Citalopram concentrations were
selected based on our previous work (Macrì et al., 2019; Clèment
et al., 2020) wherein we observed an alteration in anxiety-related
behaviors in response to Citalopram administered at the chosen
concentrations.

To investigate the extent to which Citalopram-induced
behavioral alterations translated to untreated groupmembers, we
tested experimental subjects under two main conditions: Singles
(subjects tested in isolation), and Groups (a treated subject tested
in the presence of four untreated conspecifics). The experiments
were performed between November 20, 2020 and December
10, 2020. Overall, our study consisted of two testing conditions
(Singles and Groups) and three treatments [0 mg/L (control),
30 mg/L, and 100 mg/L]. A schematic of the experimental
procedure is shown in (Figure 1A). Twelve trials were conducted
for each treatment/condition yielding a total of 72 trials
counterbalanced across sexes (Singles and Groups). Thus, the
experimental population consisted of 36 male and 36 female
zebrafish. The 72 trials were evenly distributed over 6 days,
keeping always the same number of tests per day (six in the
morning and six in the afternoon). All fish were experimentally
naïve, and were used only once.

For condition Singles, at the beginning of the trial, a single
subject was transferred from the housing tank to a 500mL beaker
containing the desired concentration of Citalopram. The beaker
was placed inside the experimental tank and the subject was

kept there for 5 min following our previous work (Macrì et al.,
2019). Then, the subject was transferred to the experimental tank
and its behavior was video recorded for 10 min. Similarly, for
condition Groups, at the beginning of the trial, four subjects
were transferred from the housing tank into the experimental
tank and left therein for 5 min. Towards the end of this phase,
the treated subject was transferred from the housing tank to a
500 mL beaker containing the desired Citalopram concentration.
The beaker was immediately placed inside the experimental tank
and the subject was kept there for additional 5 min. Finally, the
subject was transferred to the experimental tank and the group
behavior was video recorded for 10 min.

Video Tracking
All videos were recorded at 30 frames per second yielding a total
of Ns = 18,000 images of 1,280 × 720 pixels. Images were input
to a Matlab-based multi-target tracking algorithm Peregrine
(Butail et al., 2013; Bartolini et al., 2015). The software fitted a
parabola on the fish blob and returned time series of fish centroid
coordinates {x(t)}Ns

t = 1and
{
y(t)

}Ns
t = 1, along with their velocity

components {vx(t)}
Ns
t = 1and

{
vy(t)

}Ns
t = 1, with t representing the

time step. Here, x(t) and y(t) correspond to the position across
the horizontal plane and along the water column, respectively.
Each time series consists of Ns samples corresponding to the
total experimental time of 600 s (10 min). Exemplary tracked
trajectories for conditions Groups and Singles are shown in
Figures 1B,C, respectively.

Behavioral Scoring
The output of the tracking system was used to investigate fish
behavior through the scoring of salient metrics. In particular,
geotaxis was quantified by computing the time average of the
distance from the bottom of the tank. Group cohesion and
coordination were assessed through the average nearest neighbor
distance and alignment of the swimming direction (Theodorakis,
1989; Parrish et al., 2002; Miller and Gerlai, 2012). In particular,
we computed the average nearest neighbor distance between
the treated subject and the untreated ones, and between the
untreated subjects only (excluding the treated individual; Rosa
et al., 2020). The former was computed as the average of the
minimum distance between the treated subject and each of
the four untreated fish over the total experimental time of
10 min. The latter was computed as the average of the minimum
distance between the four untreated subjects over the total
experimental time of 10 min. To quantify the alignment between
the four untreated subjects, we computed the time average of the
instantaneous polarization given by Aureli et al. (2012)

Pol(t) =
1

N − 1

∣∣∣∣∣∣∣∣ N∑
i = 2

Vi(t)
||Vi(t)||

∣∣∣∣∣∣∣∣, withVi(t) =
[

vxi(t)
vyi(t)

]
,

where the components of the vectors are explicitly indicated,
N = 5, and the treated subject is assigned the index i = 1. The
instantaneous polarization ranges from 0 to 1, where 1 indicates
full alignment of swimming directions between the untreated fish
and zero absence of alignment.

To study causal interactions within the group, we
implemented a transfer entropy analysis following an ample
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FIGURE 1 | Experimental procedure and tracking. (A) An illustration of the experimental procedure for conditions Groups and Singles. Exemplary tracked swimming
trajectories over time, (B) Condition Groups, where the blue color identifies the treated individual and all the other colors the untreated subjects, and (C) Condition
Singles, where the blue color identifies the treated fish.

body of literature on the subject (Pilkiewicz et al., 2020). In
particular, transfer entropy quantifies the cause-and-effect
relationship between two time series of length Nd,

{
s1
(
k
)}Nd

k = 1
(effect) and

{
s2
(
k
)}Nd

k = 1 (cause), and it is defined as the extent
by which knowledge of the presence of the cause reduces
uncertainty in the prediction of the future of the effect from its
present. Because the computation of transfer entropy entails the
use of probabilities, we represent the time series s1(k) and s2(k) as
two stationary stochastic processes S1(k) and S2(k), respectively
(for further details, see Bossomaier et al., 2016). Then, transfer
entropy (measured in bits) from S2(k) to S1(k) is given by

TES2→S1 =
∑

S1(k+1),S1(k),S2(k)

p
(
S1
(
k+ 1

)
, S1

(
k
)
, S2

(
k
))

× log2
p
(
S1
(
k+ 1

)∣∣ S1 (k) , S2 (k))
p
(
S1
(
k+ 1

)∣∣ S1 (k)) .

Here, p
(
S1
(
k+ 1

)
,
∣∣ S1 (k) , S2 (k)) is a joint probability

indicating how likely the realizations of these three variables
S1(k+1), S1(k), and S2(k) occur. p

(
S1
(
k+ 1

)∣∣ S1 (k), S2 (k)) is a
conditional probability indicating how likely future realizations
of S1 (at time (k+1)) happen, given a particular value for
the present realizations of S1 and S2 (at time k). Similarly,
p
(
S1
(
k+ 1

)∣∣ S1 (k)) denotes the likelihood of future realizations
of S1, given its present value at time k. Transfer entropy
TES2→S1 is zero if S2(k) does not cause S1(k), while a nonzero
value of TES2→S1 indicates the existence of a cause-and-effect
relationship.

We computed transfer entropy among all fish in condition
Groups for all the three Citalopram treatments; control, 30
(mg/L) and 100 (mg/L). Given our interest in detailing emotional
contagion related to diving and rising patterns, we used the time

series of velocity along the water column to compute transfer
entropy. Based on our previous work (Porfiri and Marín, 2017)
and the need to ensure Markovianity of the stochastic processes,
we downsampled the time series of the velocity using a resolution
of six time steps (time period of 0.2 s or 5 frames/s) yielding a
total ofNd = 3,000; this time period was informed by our previous
studies (Butail et al., 2016; Mwaffo et al., 2017). To compute
transfer entropy, we first binned the time series of the velocity of
each individual using two bins, that is, ṽyi(k) = ‘‘−’’ if vyi(k) < 0,
corresponding to motion towards the bottom of the tank and
ṽyi(k) = ‘‘+ ’’ if vyi(k) ≥ 0, corresponding to motion towards
the top. Using the time series of ṽyi(k) of each fish in the group,
we calculated 20 values of transfer entropy aggregated in a five
by five matrix TE. The diagonal elements of the matrix are zero,
while the generic element off the diagonal, TEij, corresponds to
transfer entropy from individual i to individual j.

Ultimately, to quantify the overall influence of fish i on
these of the group, we computed net transfer entropy for each
individual (Mwaffo et al., 2017)

NetTEi =
N∑

j = 1,j6=i

TEij − TEji.

For each trial, we computed five values of net transfer entropy,
one for the treated subject and four for the untreated shoal
members. We averaged the latter four values so that each trial
would yield two measures of net transfer entropy quantifying the
role of Citalopram administration on the influence of any focal
subject (be it treated or not) on the other shoal members.

Statistical Analyses
To investigate the role of the social context on individual
response to Citalopram administration, we analyzed the distance
from the bottom in fish in the condition Singles and in
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Citalopram-treated fish in the condition Groups. We conducted
an analysis of the distance from the bottom using a two-way
ANOVA with Citalopram concentration and social context
as independent variables. To address the extent to which an
individual exposed to Citalopram altered group behavior in
terms of geotaxis, we compared the distance from the bottom
of all the animals in condition Groups as a function of
exposure to Citalopram. To account for the possibility that
the group average was influenced by the treated subject, we
also investigated the distance from the bottom response of the
untreated subjects in the condition Groups. For these analyses,
we utilized a one-way ANOVA with Citalopram concentration
as the independent variable. Similarly, we used a one-way
ANOVA to analyze variables associated with group cohesion
and coordination; namely, the nearest neighbor distance to the
treated subject, the nearest neighbor distance between untreated
subjects, and polarization. Outlier values were identified as
those above or below two standard deviations from the median
of the distance from the bottom for condition Singles and
Groups at each Citalopram concentration. One outlier was
identified for condition Groups at 0 mg/L and discarded
from the analysis. Net transfer entropy was analyzed using
a two-way ANOVA where Citalopram concentration (0, 30,
and 100 mg/L) and treatment administration (treated fish
vs. untreated shoal members) were selected as independent
variables. Post hoc comparisons were performed using the
Tukey test.

Comparisons of nearest neighbor distances and polarization
with chance were conducted using one-tailed t-tests with Holm
corrections (Holm, 1979). To establish chance values, we follow
these steps: (i) randomly choose five individuals among all
216 fish used in the experiment; (ii) calculate the average values of
the nearest neighbor distance to a single fish, the nearest neighbor
distance between four fish, and polarization; (iii) repeat steps
(i)-(ii) 10,000 times; and (iv) calculate the average values of the
10,000 iterations. Net transfer entropy values were compared
with chance using a two-tailed t-test. All statistical analyses were
performed with the statistics software R (version 3.6.1) with a
significance level of 0.050. Specifically, we used the following
functions in R; aov for conducting all ANOVAs, emmeans with
Tukey adjustment was used for post hoc analyses, and finally, the
t-tests were conducted using t_test.

RESULTS

Individual Response to Citalopram Varies
as a Function of the Social Context
When administered to zebrafish swimming in isolation
(condition Singles), Citalopram did not affect the distance
from the bottom of the tank. In particular, we did not register a
statistically significant difference between Citalopram treatments
(F(2,32) = 1.882; p = 0.169; Figure 2).

Interestingly, we found that the social context, that is, the
presence of four (untreated) subjects, altered the response
of the focal individual. Specifically, while Citalopram-treated
subjects and control individuals exhibited an indistinguishable

distance from the bottom in condition Singles, Citalopram-
treated subjects showed a greater distance from the bottom
of the tank compared to vehicle-treated individuals in the
condition Groups (Figure 2). Thus, for the focal fish in condition
Groups, we registered a significantly different distance from
the bottom between 0 mg/L and 30 mg/L (p < 0.050) and
between 0 mg/L and 100 mg/L (p < 0.050). Additionally,
when we compared the effect of the social context on the
behavior of the treated subject, we observed that swimming
alone or in a group remarkably altered the average distance
from the bottom of vehicle-treated individuals but not of
Citalopram-treated ones as indicated by the significant social
context x Citalopram administration interaction (F(2,64) = 5.535;
p < 0.050) and further confirmed by post hoc analyses.
Specifically, post hoc analyses revealed that vehicle-treated
subjects swam closer to the bottom when they were in groups
rather than alone (p < 0.001; Figure 2). This effect however
was absent for 30 mg/L (p = 0.931) indicating that the
presence of a shoal did not alter the behavior of the focal fish
when treated with Citalopram for this concentration. For the
higher Citalopram dose of 100 mg/L, we registered a trend
(p = 0.065).

Collective Geotactic Response Is
Modulated by Citalopram Administration
Our results indicate that the presence of a treated fish in the
shoal decreases the anxiety-related behavior of the entire group
in the form of increased distance from the bottom of the
tank. When investigating this parameter in all shoal members,
we observed that the intermediate Citalopram concentration
(30 mg/L) resulted in reduced geotaxis compared to vehicle
(Citalopram treatment: F(2,32) = 4.702; p<0.050; p<0.050 in post
hoc tests; Figure 3A). While experimental subjects exposed to
30 mg/L and 100 mg/L did not differ (p = 0.832), we observed
a trend towards increased distance from the bottom of the tank
100 mg/L compared to 0 mg/L (p = 0.064).

Previous data may be partly explained by the possibility
that the treated individual skewed the overall distribution.
To account for this potential confound, we conducted an
analysis only on the untreated shoal members in the three
experimental groups. In accordance with the hypothesis that
untreated subjects were influenced by the treated individual,
we observed that untreated fish swimming together with a
30 mg/L Citalopram-treated individual displayed a higher
distance from the bottom compared to untreated shoal members
swimming with a vehicle-treated subject (Citalopram treatment:
F(2,32) = 3.384; p <0.050; p <0.050 in post hoc tests; Figure 3B).
We did not register an equivalent effect in untreated fish
swimming with a 100 mg/L Citalopram-treated individual
(p = 0.155).

Group Cohesion and Coordination Are Not
Modulated by Citalopram Administration
We first addressed whether Citalopram administration altered
cohesion by analyzing the nearest neighbor distance to the
treated fish, and afterward the nearest neighbor distance only
between untreated subjects. Neither did Citalopram treatment
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FIGURE 2 | Individual geotaxis as a function of Citalopram treatment and social context. Distance from the bottom averaged across time as a function of
Citalopram treatment in Singles and in focal subjects in condition Groups. Different letters indicate differences at p < 0.050.

FIGURE 3 | Group geotaxis as a function of Citalopram administration. (A) Distance from the bottom of the tank for condition Groups. (B) Distance from the bottom
of the tank for the untreated members in condition Groups. ∗p < 0.050 compared to vehicle-treated subjects.

modulate the nearest neighbor distance to the treated subject
(F(2,32) = 1.214; p = 0.310), nor did it alter the nearest neighbor
distance of untreated subjects (F(2,32) = 0.905; p = 0.415;
Figures 4A,B). Similarly, experimental groups did not differ in
terms of polarization (F(2,32) = 0.037; p = 0.963; see Figure 4C).

We further compared cohesion and coordination variables
with chance values. The neighbor distance to the treated subject
was significantly lower than chance, for all three Citalopram
treatments 0 mg/L (t(10) = −8.030; p < 0.050), 30 mg/L
(t(11) = −3.060; p < 0.050), and 100 mg/L (t(11) = −2.720;
p < 0.050). We also observed a significant difference from
chance with respect to the nearest neighbor distance of untreated
subjects at each Citalopram concentration (p < 0.050). Likewise,
we found that polarization differed from the chance for each
Citalopram concentration (p < 0.050).

Causal Interactions Within the Group as a
Function of Citalopram Administration
We investigated whether the treated (focal) individual influenced
untreated shoal members by studying the corresponding net
transfer entropies and investigating the potential modulatory

role of Citalopram. Our results show that the influence exerted
by the Citalopram-treated fish on the group of untreated fish
varied as a function of Citalopram concentration (interaction
between Citalopram concentration (0, 30, and 100 mg/L) and
treatment administration (treated vs. untreated; F(2,64) = 3.284;
p < 0.050) in net transfer entropy). The main effect of treatment
administration was significant (F(1,64) = 6.368; p < 0.050), while
the main effect of Citalopram concentration did not attain
statistical significance (F(2,64) = 1.182; p = 0.313). Conducting
post hoc analyses, we observed that net transfer entropy from
the Citalopram-treated subjects to the untreated members was
higher than net transfer entropy from untreated to treated for
Citalopram concentrations of 30 mg/L (p < 0.050) and 100 mg/L
(p < 0.050); this difference was absent in vehicle-treated fish
(p = 0.492; Figure 5). Additionally, while untreated subjects
displayed an equivalent net transfer entropy across Citalopram
concentrations (0, 30, and 100 mg/L), focal fish treated with
Citalopram displayed higher net transfer entropy compared to
vehicle-treated individuals. Thus, we observed a different net
transfer entropy between 0 mg/L and 30 mg/L (p < 0.050), along
with a trend in the comparison between 0 mg/L and 100 mg/L
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FIGURE 4 | Group cohesion and coordination quantified as nearest neighbor distances and polarization, respectively. (A) The nearest neighbor distance to the
treated subject for each Citalopram concentration. (B) Nearest neighbor distance of untreated subjects for each Citalopram concentration. (C) Polarization as a
function of Citalopram concentration. #p < 0.050 compared to the chance value, denoted by the red dashed-line.

(p = 0.058). Ultimately, we found that net transfer entropy is
significantly higher than zero for the treated fish at 30 mg/L
(t(11) = 3.560; p < 0.050), but not for vehicle (t(10) = −1.130;
p = 0.857) and 100 mg/L (t(11) = 1.440; p = 0.088).

DISCUSSION

Emotional contagion, the unconscious/conscious process by
which we adjust our behavior in accordance with that exhibited
by others, is one of the building blocks of social behavior
(Hatfield et al., 2011). Emotional contagion can influence
social decision making and overall group performance through
the spread of positive or negative emotions, which impact
morale, motivation, and rapport. While this phenomenon
has been widely documented across several taxa such as
mammals (Langford et al., 2006; Zoratto et al., 2018) and birds
(Adriaense et al., 2019), limited evidence of its occurrence
has been reported in fish (Pérez-Manrique and Gomila, 2021).
In an effort to contribute to a better understanding of
emotional contagion, we studied how anxiety-related behavior
can be propagated in groups of zebrafish by pharmacologically
manipulating the behavior of a focal individual in the shoal.
Zebrafish is a highly social species which possesses a complex
behavioral repertoire making it a suitable option to study
emotional contagion.

Our main aim was to induce an overt phenotype in a single
individual and evaluate the extent to which this manipulation
translated into a behavioral change in a group of naïve

individuals. Specifically, we hypothesized that a fish exhibiting
low levels of anxiety would influence naïve individuals such
that the latter would also exhibit low anxiety states as a proxy
for emotional contagion. To achieve this aim, we administered
Citalopram to a single fish swimming in a group of untreated
subjects and examined the geotactic response (the distance from
the bottom of the tank) both in terms of absolute values and
net transfer entropy. Geotaxis is considered a very sensitive
behavioral indicator of anxiety-related states (Kalueff et al.,
2013). It has been validated in a wide range of experimental
paradigms (Clèment et al., 2020; Karakaya et al., 2021), and
it has been repeatedly reported to vary as a function of the
administration of selective serotonin reuptake inhibitors like
Citalopram (Wong et al., 2010; Cachat et al., 2011; Kalueff et al.,
2016; Collier et al., 2017; Macrì et al., 2019). To further delve into
the nature of shoaling and schooling tendencies, we conducted
a thorough analysis of polarization (Aureli et al., 2012) and
neighbor distances (Rosa et al., 2020).

In accordance with our predictions, we observed that a
Citalopram-treated fish that exhibits low levels of anxiety-
related behaviors apparently transfers a similar phenotype
to a group of untreated individuals. In particular, while we
observed that untreated subjects swimming together with a
vehicle-treated individual exhibit a strong geotactic activity
throughout the entire experimental session, untreated subjects
swimming with a Citalopram-treated fish, spend more time
in the upper part of the experimental tank. While attempting
to describe the nature of treated-to-untreated information
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FIGURE 5 | Causal interactions within the group revealed by net transfer entropy between the focal fish and all other animals in the group for each Citalopram
concentration. Positive values of net transfer entropy indicate the influence of the focal subject (treated or untreated) on the rest of the group while negative values
indicate the opposite, that is, the focal subject being influenced by the others. #p < 0.050 greater than zero, and different letters indicate differences at p < 0.050.

spreading, we first focused on the treated subjects and then on
parameters associated with shoaling and schooling tendencies.
Preliminarily, we observed that while vehicle-treated individuals
were influenced by their group whereby they swam closer
to the bottom of the tank compared to when they were
swimming alone, Citalopram treated individuals were insensitive
to the group.

This indication of the influential role played by Citalopram-
treated subjects was further strengthened by the net transfer
entropy analysis. Transfer entropy is an information-theoretic
concept that is used to infer directional interactions between
variables in the form of causal influence. Specifically, transfer
entropy measures the extent to which knowledge of the present
state of a causal variable helps reduce the uncertainty associated
with the prediction of the future of an effect variable from its
own state (Bossomaier et al., 2016). Transfer entropy has been
employed across a wide range of animal behavior studies to
dissect the modality of interactions between two or multiple
individuals (Pilkiewicz et al., 2020). We pursued the transfer
entropy analysis on symbolic time-series associated with diving
and rising patterns to study geotaxis within the context of
emotional contagion. The transfer entropy analysis supports the
emergence of a directional influence of the treated individual
on the group and its dependence on Citalopram concentration.
Although the treated individual swims in the same tank as the
untreated subjects, it virtually acts as a demonstrator for them,
whereby it influenced their behavior but not vice-versa. Such
an influence would be masked had we analyzed only distances
and polarization, whereby these variables were not modulated
by Citalopram administration. This evidence calls once again for
multi-target tracking of individual response for the study of social
behavior (Hughey et al., 2018; Franco-Restrepo et al., 2019) and
the value of data-driven, model-free techniques to quantify social
interactions (Strandburg-Peshkin et al., 2018; Pilkiewicz et al.,
2020).

Although emotional contagion was initially believed to be a
prerogative of mammals and birds, recent empirical evidence
demonstrates that simpler animals (Rose, 2002; Rose et al., 2014),
are able to share emotions as well (Oliveira et al., 2017; Silva
et al., 2019; Pérez-Manrique and Gomila, 2021). Our study

complements these efforts and provides evidence of emotional
contagion in the form of a reduction of anxiety-related behaviors
propagating from a single, Citalopram-treated zebrafish to a
group of untreated conspecifics. These findings parallel earlier
evidence collected in mice. For instance, Langford et al. (2006)
showed that a single mouse treated with a painful agent (acetic
acid) experiences reduced pain in the presence of a control
mouse than when tested in isolation. The painful response was
instead amplified if the treated mouse was in visual contact
with a conspecific exposed to the same treatment. As pointed
out by Nakahashi and Ohtsuki (2015), this behavior is believed
to operate unconsciously and rest upon the amygdala, which
is known to play a key role in emotional learning and social
behavior (Perathoner et al., 2016). Since Citalopram acts on the
amygdala in mammals (Murphy et al., 2009) and since zebrafish
possess a homolog of the amygdala [a subpopulation of neurons
in the medial zone of the dorsal telencephalon (Lal et al., 2018)],
it is tenable that the phenotypes observed in our study are
isomorphic to those observed in other species.

The experimental setup that we devised to study emotional
contagion consisted of a thin water tank to promotemotion along
the water column against cross-section sweeping. We cannot
exclude the possibility that constraining the motion of the group
on a nearly 2D plane might have promoted emotional contagion
against other forms of collective behavior. Future studies should
investigate analogous phenotypes in experimental tanks allowing
the exhibition of a complete 3D behavioral repertoire. The
analysis of such experiments shall employ dedicated 3D tracking
systems, which have been shown to unravel behavioral patterns
hidden by 2D analysis (Macrì et al., 2017, 2019; Rosa et al.,
2020). Additionally, our study leveraged a pharmacological
manipulation to maximize the exhibition of a desired phenotype.
Similar to Oliveira et al. (2017), future studies shall address the
extent to which this form of emotional contagion extends to
phenotypes induced by natural stimuli, like the view or odor
of a predator. Despite these avenues of potential inquiry, this
effort offers an empirical basis to study emotional contagion in
zebrafish, beyond the demonstrator/bystander dichotomy and
fear contagion-based approaches that form the large majority of
existing literature.
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