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Abstract
Interaction with social partners during or after a stressful episode aids recovery in
humans and other mammals. We asked if a comparable phenomenon exists in zebrafish
(Danio rerio) that live in shoals in the wild. In the first experiment, we observed that most
quantifiable parameters of swimming behavior were similar when zerbafish swam alone
or with companions. However, after exposure to an alarm substance (Schreckstoff),
individuals recovering alone continued to display behaviors associated with fear after
removal of the stimulus, while those recovering with companions did not. In the next two
experiments, we examined the role of familiarity of companions. Subjects spent more
time in the vicinity of familiar companions in a two-choice assay. While both familiar and
unfamiliar companions reduced behavioral signs of distress, familiar companions
additionally modulated cortisol and endogenous isotocin in subjects. Shortly after being
united with familiar companions, isotocin spiked followed by a dampening of circulating
cortisol levels. These results suggest that zebrafish experience fear attenuation in the
presence of others and familiar companions are more effective at buffering the stress
associated with escaping predation. Changes in behavior, circulating cortisol and
isotocin levels due to social partners are reminiscent of changes due to amelioration of
fear in some mammalian species in the presence of companions. The two phenomena
may be related.
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For many animals, living in groups is thought to be evolutionarily favorable compared to living
alone 1-3. Although social interactions can be costly 4, individuals living in groups receive
significant benefits including a lowered predation risk, efficient foraging, ease of finding mating
partners, and support when caring for offspring 3. Furthermore, in mammals, close social
contact with conspecifics has also been documented to reduce fear 5 (reviewed in 6) and to aid
in recovery from stress 6-8. The phenomenon of improved recovery from aversive experiences in
the presence of conspecifics has been termed “social buffering” 6. Positive social interactions
are proposed to counter environmental stressors and the accompanying negative emotions in
an individual via the release of opioids and oxytocin 8-11. However, our understanding of the
molecular architecture, the neural circuits involved, and the evolutionary underpinnings of social
buffering is still limited.
The dominant view to date is that the phenomenon of social buffering occurs in species that
display social bonding in the form of mating pairs and/or care for offspring 6,12. This position
rests on the fact that, at present, social buffering has been documented primarily in animals
where these forms of social bonding are readily observed such as in some mammals and a few
species of birds (5,13,14 and reviewed in 6,7). Though a single term has been used to describe
social buffering in mammals, it can take more than one form. In squirrel monkeys for example, a
mother can buffer infant stress 15 and an adult can reduce fear of the pair-bonded partner 16. In
guinea pigs and humans on the other hand, social buffering properties are dependent on sex
17,18

. In all cases however, the term implies active participation of partners when allowed. Still, it

is unclear whether social buffering is unique to such species, in that it requires neurochemicals
or brain structures that are absent in lower vertebrates. Moreover, if any form of social buffering
is present in species that do not display strong social attachments, such as certain fish, either
through passive or active participation of social partners, is still an open question.
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In fishes, only a few studies have directly touched upon issues related to buffering 19,20.
Although, the social nature of fish shoals is known and conspecific presence is considered
important, increased cohesion in shoals to avoid predation has been interpreted primarily as
exemplifying the “selfish-herd” effect 21. Authors of a study that reported recovery from
immobility in a glucocorticoid receptor mutant zebrafish when a conspecific was visible,
attributed the recovery to social buffering 19. However, whether such reports of buffering bear
only a superficial similarity to the phenomenon previously described in mammals or reflects a
conserved mechanism are only now beginning to be addressed 22.
Here we addressed this question by exploring buffering of fear in zebrafish, a promiscuous
species that does not display parental care and is known to cannibalize newly fertilized eggs
and larvae 23. We adapted the basic paradigm from research in mammals but assessed the
subject’s recovery after a stressor or a predator threat was removed. We reasoned that this
would allow us to dissociate social buffering from gregariousness directly due to a predator
attack. Under such conditions, we find that distressed subjects shows signs of recovery from
fear with companions that is absent when alone. We further reasoned that familiarity of
companions should be of little consequence in such a scenario if only the “selfish herd” was
operating, as any shoaling opportunity would reduce predation risk. Indeed, familiarity did not
matter in attenuating fearful behavior of subjects. However, additionally, familiar companions
appeared to be more effective in reducing the physiological measure of stress (whole-body
circulating cortisol level). As anticipated by the role of oxytocin in amelioration of stress in
mammals 12,24,25, we found increased central endogenous isotocin release (the fish homologue
of oxytocin) when distressed zebrafish subjects were reunited with familiar conspecifics. Our
results suggest that zebrafish experience attenuation of fear and the stress associated with
detection of predators in the presence of familiar companions. The physiological processes
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mediating this buffering of fear are similar to those previously reported for rats, guinea pigs and
humans.
Results
Behavioral markers of social buffering in the zebrafish
We explored the presence and properties of social buffering in zebrafish in four different
experiments. For the first experiment, subjects were divided into four groups. Subjects in two
groups were exposed to ordinary tank water (Control), while those in the other two groups were
exposed to Schreckstoff 26, an alarm substance released from the skin of injured individuals
that induces fear in others (Experimental). Subjects were then passed through a wash chamber
and moved into a tank by themselves (Control-Alone and Experimental-Alone groups) or into a
tank with four non-fearful conspecifics (Control-Conspecific and Experimental-Conspecific
groups, Figure 1A). The behavior of subjects was recorded for 10 minutes and measures
indicative of fear 27 were quantified using a custom-developed, semi-automated analysis
method. Compared to subjects in the Control-Alone group, subjects in the Experimental-Alone
group showed significantly more signs of fear (Figure 1B; Supplementary Video S1, S2). They
spent more time in the bottom quarter of the tank (mean = 81.3%, 95 CI [70.8%, 91.8%],
unpaired Welch’s t-test p < 0.001; Supp. Fig 1A), and showed more episodes of pausing (mean
= 192.9, 95 CI [99.7, 286.0], unpaired Welch’s t-test, p = 0.01; Supp. Fig 1B), freezing (mean =
35.9, 95 CI [16.9, 54.9], unpaired Welch’s t-test p = 0.014; Supp. Fig 1C), and darting (mean =
2.3, 95 CI [3.6, 0.9], unpaired Welch’s t-test p < 0.007; Supp. Fig 1D).
To improve sensitivity of behavioral analysis and to allow comparison of the four groups of
subjects, we used a Z-normalization procedure that integrates 28 these four parameters into a
single score. A two-way analysis of variance of the Composite-Z score with conspecific
presence and Schreckstoff exposure as between-subjects factors (Control-Alone, Control-
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Conspecific, Experimental-Alone and Experimental-Conspecific) showed a significant interaction
(F (1, 36) = 23.79, p < 0.001). Follow-up Welch’s t-tests showed that the Composite-Z scores of
subjects in Control-Alone and the Control-Conspecific groups were similar to each other (Figure
1C, p = 0.6). However, subjects in the Experimental-Alone group showed significantly higher
Composite-Z scores than subjects in the Experimental-Conspecific group (Figure 1C, Supp.
Figure 1, Supp. Video S1, S2; t(9.5) = 5.1, p < 0.001). This indicates that non-fearful
conspecifics can socially buffer distressed subjects.
Distressed subjects prefer familiar companions in a 2-choice assay
Familiarity with the conspecifics has recently been demonstrated as a factor that can influence
effectiveness of social buffering in rodents 12,29,30. Hence, in the second and third experiments,
we explored conspecific familiarity. Zebrafish are known to display a learned recognition of
social partners in laboratory conditions 31,32. Building on this finding, we placed two groups of
conspecifics in a two-compartment chamber behind the subject recovery tank (Figure 2A). Each
group comprised of four non-fearful individuals. However, one group was familiar to the subject
(raised in the same tank with the subject), while the other was unfamiliar (phenotypically
distinguishable and raised in a different location). As in the first experiment, subjects were
exposed to Schreckstoff, passed through a wash chamber, moved into an observation tank, and
their behavior was recorded for 10 minutes. Subjects could see and swim freely between the
two groups of conspecifics, but could not feel, hear or smell either. We quantified the time
subjects spent in the two quadrants of the tank interfacing the two groups (Figure 2A). If
distressed subjects had no preference, the time spent in these locations would not differ from
that observable by chance (25% of total time). We found that subjects spent more time in the
quadrant adjacent to familiar conspecifics than would be expected by chance (Figure 2B, mean
= 40.0%, 95 CI [47.3%, 32.6%], t(15) = 3.66, p = 0.002). This was not the case for the time
subjects spent in the quadrant adjacent to unfamiliar conspecifics (mean = 27.0%, 95 CI
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[32.3%, 21.6%, t(15) = 0.69, p = 0.5]). This indicates that subjects preferred familiar
conspecifics during recovery. Additionally, it raises the possibility that familiarity facilitates social
buffering in zerbafish.
Familiar conspecifics are effective in reducing plasma cortisol levels of distressed
subjects
Stressors, such as threat of predation activate the hypothalamic-pitutary-adrenal axis (HPA
axis) and the hypothalamic-pituitary-interrenal glands (HPI axis) in mammals and fish,
respectively, thereby increasing circulating levels of plasma cortisol 33,34. Exposure to alarm
substance is a stressor that increases circulating plasma cortisol levels in many species of fish
including zebrafish 27,35,36. To test whether familiar conspecifics effectively dampen this
response, subjects were exposed to the alarm substance and divided into three groups – those
that recovered alone (Experiemental-Alone), those that recovered with familiar conspecifics
(Experimental-Familiar), and those that recovered with unfamiliar conspecifics (ExperimentalUnfamiliar). The Composite-Z score derived from the behavioral measures mentioned above
was subjected to an ANOVA with group as a factor. A significant effect of group (F (2, 69) =
18.76, p < 0.001) was explored using unpaired Welch’s t-tests with modified Bonferroni
correction for multiple comparisons. The tests revealed that subjects in the Experimental-Alone
group (Figure 3A, mean = 0.8, 95 CI [1.2, 0.4]) differed significantly from both ExperimentalFamiliar and Experimental-Unfamiliar groups (Figure 3B, t(25.2, 32.3) = 5.1, 3.9, ps < 0.001),
but the Experimental-Familiar (mean = -0.1, 95CI [0.2, -0.4]) and Experimental-Unfamiliar
groups (mean = -0.1, 95 CI [0.1, -0.3]) did not differ from each other (t(33.1) = 1.6, p = 0.1).
Therefore, both familiar and unfamiliar conspecifics promoted behavioral recovery from stress.
An ANOVA of cortisol levels with group as a factor was also significant (F (2, 69) = 6.49, p =
0.002). Follow-up unpaired Welch’s t-tests with modified Bonferroni correction for multiple
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comparison indicated that, compared to Experimental-Alone subjects (Figure 3C, mean = 25.6
ng/gm, 95 CI [32.7,18.6]), Experimental-Familiar subjects (Figure 3C, mean = 12.2 ng/gm, 95 CI
[15.6,8.8]) showed a significant reduction in circulating plasma cortisol (Figure 3D, t(33.2) = 3.3,
p = 0.002). Cortisol of Experimental-Familiar subjects was also lower than that of ExperimentalUnfamiliar subjects (Figure 3D, t(42.5) = 3.0, p = 0.004). Experimental-Alone and ExperimentalUnfamiliar subjects, on the other hand, did not differ (t(39.5) = 1.1, p = 0.28). Thus, familiarity of
companions resulted in a faster suppression of stress induced HPI axis activation, further
supporting similarities in the social buffering of zebrafish and some mammalian species.
Central endogenous isotocin levels spike in the presence of familiar companions
Both stressors 37 and social interactions 38 can increase oxytocin release in the brain.
Depending on the context, higher release is thought to facilitate greater social sensitivity 39
and/or counter HPA axis activation during stress 8. Exogenous administration of oxytocin or an
oxytocin receptor antagonist has been shown to modulate HPA axis activity in humans, voles,
and rats (reviewed in 7) and to regulate social interactions in zebrafish 40. Finally, a recent study
demonstrated that social buffering by a pair-bonded male partner increased oxytocin release in
the hypothalamus of stressed female prairie voles 12. These results prompted us to determine
whether endogenous isotocin (zebrafish homologue of oxytocin) levels are affected in our
assay. Thus, we measured isotocin from the heads of subjects that previously completed the
Experimental-Alone, the Experimental-Familiar, and the Experimental-Unfamiliar conditions.
Isotocin, like oxytocin is expected to have a short half-life of 6 to 9 minutes after release 41 and
our measurements were terminal. We, hence, measured endogenous isotocin levels from two
sets of subjects at two time-points (at 5, and at 10 minutes after subjects were moved into the
observation tank).
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An ANOVA with group as a factor was significant at both 5 minutes (F(2,45) = 6.3, p = 0.003)
and 10 minutes (F(2, 40) = 5.1, p = 0.01). Follow-up unpaired Welch’s t-tests with modified
Bonferroni correction for multiple comparisons revealed that at 5 minutes, isotocin levels were
higher in Experimental-Familiar subjects (Figure 4A, B; mean = 22. 2 ng/fish, 95 CI [32.9, 11.5])
compared to Experimental-Alone (Figure 4B; mean = 6.8 ng/fish, 95 CI [8.9, 4.7], t(16.1) = 2.7, p
= 0.014) and Experimental-Unfamiliar subjects (Figure 4B; mean = 8.2 ng/fish, 95 CI [11.6, 4.7],
t(18.1) = 2.4, p = 0.025). Experimental-Alone and Experimental-Unfamiliar subjects were similar
to each other (p = 0.52). At 10 minutes, isotocin levels were lower for the Experimental-Familiar
group subjects (Figure 4C, D; mean = 2.2 ng/fish, 95 CI [2.7, 1.8]) relative to both ExperimentalAlone (Figure 4D; mean = 6.1 ng/fish, 95 CI [8.8, 3.4], t(14.6) = 2.7, p = 0.017) and the
Experimental-Unfamiliar subjects (Figure 4D; mean = 3.3 ng/fish, 95 CI [3.9, 2.6], t(21.9) = 2.5,
p = 0.017).
As isotocin levels in the Experimental-Familiar group were high at 5 minutes, we checked
whether HPI axis suppression in Experiment 3 (Figure 3C, D) was also evident at this earlier
time point (Supplementary Figure 2). Cortisol levels in all three groups of subjects however,
were high and indistinguishable at 5 minutes. Together, these results suggest that an increase
in central isotocin precedes HPI axis suppression when distressed subjects recover with familiar
conspecifics, as compared to when recovering alone or with unfamiliar conspecifics.
Discussion
We have shown that recovery from fear in zebrafish is accelerated by the presence of
conspecifics, especially if they are familiar. These results provide important insights into the
sociability of fish and point to the evolutionary continuity for basic social processes. Similar to
the observations of effective buffering by a familiar conspecific in rats 29, zebrafish not only show
behavioral recovery, but also display a faster suppression of HPI axis activity in the presence of
familiar shoalmates. Further, familiar shoalmates increase central isotocin levels in subjects,
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which mirrors observations of increased oxytocin release in the presence of a bonded partner in
the prairie vole 12. Zebrafish, like some other fish have been documented to recognize
conspecific shoal members using visual cues 31 32. Experiments here suggest that this
preference is unaltered even when they are fearful. This in turn suggests that like many
mammalian species, zebrafish benefit from established social connections when facing danger.
Although these benefits and the related representations of self and other are undoubtedly much
more simple in gregarious fish than they are in mammals, they nevertheless exist and, as
shown here, play a role in fish emotion and behavior. Among the complex set of determinants
including learned preferences 31,32 and active decision-making 42 that influence group
membership in fish shoals 43, the stress relief that comes from familiarity may be an additional
factor.
In our hands, the presence of unfamiliar conspecifics resulted in behavioral recovery without
suppression of the HPI axis. This is consistent with an observation in rats of a decrease in some
behavioral signs of stress in the presence of an unfamiliar conspecific 29. It is also consistent
with an observation that glucocorticoid receptor mutant zebrafish show behavioral recovery from
immobility without a decrease in blood-level cortisol when presented with a conspecific visual 19.
These findings imply that behavioral measures may not correlate accurately with physiological
measures of distress. One possibility is that the behavior of the subject in these situations
reflects the “selfish-herd” phenomenon. Subjects may simply act to blend in with a group to
avoid predation when threatened 44. Alternatively, it is also possible that currently used
behavioral parameters represent the state of distress incompletely. Additional parameters such
as a subtle change in body posture, if quantifiable, might reveal differences in the subjects’
behavior that are otherwise obscured.
Social buffering, as used in mammals implies active participation or action of the companions
that goes beyond being present (such as grooming and vocalizing). In the experiments reported
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here, we focused on the subject behavior and did not analyze the behavior of companions in
detail. Whether companions behave differently when they encounter a fearful individual, or
actively contribute to the recovery of the subject was not studied. Further experiments are
required to evaluate if the behavior of companions, as a group or as individuals within a group
changes, to influence the recovery of the subject. This will add to the growing body of research
focusing on the social cognitive abilities of fishes (reviewed in 45-47).
Behaviors that require both social and individual recognition such as transitive inference and
goal-directed cooperation have already been documented in fishes 48,49. Moreover, an
evolutionarily conserved set of brain nuclei that form a social-decision making network and are
common to all vertebrate brains have also been identified 50. Our results advance this literature
51

by revealing a previously unanticipated complexity in the social processes of fish. Overall, the

high degree of similarity in these processes between mammals and fish points to a likely
common ancestry. This has important theoretical and practical implications, but requires further
investigations. Specifically, it has the potential to address the current interest in understanding
the mechanisms that produce and sustain social bonds. Are there fundamental processes that
evolved once in the vertebrate lineage and subsequently fortified by species-specific
mechanisms? In spite of the recognition that this is a priority research area due to the influence
social ties have on human health 52, insights into the genetic, molecular and neural basis of
attachments have proven difficult because ethical, technological, and financial constraints limit
research possibilities. A non-mammalian model organism with a capacity for mammalian-like
social behavior offers new avenues, and promises discoveries rendered impossible by research
with an exclusively mammalian focus.
Materials and Methods
Fish lines
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All experiments were conducted in accordance with guidelines approved by Institutional Animal
Care and Use Committee of Biopolis (#100594). Subjects were adult fish (4 to 8 months old) in
AB background, either heterozygous or homozygous for nacre. At present it is not clear if the
pigment mutation nacre may have any role in the behavior described, but subject fish were
pseudo randomly assigned to different conditions to get approximately equal number of
heterozygotes and homozygotes. Initial experiments suggested potential sex-dependent
differences in recovery rate, however, these differences did not meet the criteria for significance.
Therefore, equal number of males and females were used in each experiment. To facilitate
tracking, subjects were raised with conspecifics with different skin pigmentation and were
randomly assigned to one of the conditions in an experiment. To allow the experimenter to
distinguish subjects from companions, conspecific companions included Danio Reds
(expressing a red fluorescent protein in the muscle tissue 53) or Wku – a spontaneous pigment
mutation isolated in the fish facility. For experiments requiring familiar conspecifics, subjects and
conspecifics were raised together from the time of hatching. Unfamiliar conspecifics were raised
in a separate aquarium rack, such that they were never seen or encountered by subjects before
the experiment. Please note that the empirical data shown here was collected in the context of a
larger project. Behavioral and cortisol data from 11 of the 24 subjects in the Experimental-Alone
condition in the third experiment (Figure 3) was previously reported and published here 27.
Behavioral assays
Conspecifics (2 males and 2 females) were collected from the facility and transferred into a
custom-made glass tank (30 cm x 6 cm x 13 cm -L x W x H) filled with aquarium water to a
depth of 10 cm. The tank was uniformly illuminated from above using a white light LED (i-bar
LED lamp, Koncept) in a darkened room, such that the experimenter was obscured. Conspecific
fish were acclimatized for 8‘-10’. Subject fish were then collected from the facility and placed in
a beaker with 50ml aquarium water. 200 ul of 1X Schreckstoff (see below) was introduced into
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this beaker for the Experimental subjects. An equivalent volume of aquarium water was used for
Control subjects. After 2', subjects were transferred to a wash chamber with 400 ml aquarium
water via a net so that alarm substance containing water was discarded. Subjects were then
transferred into a 100 ml beaker with 50 ml aquarium water via a net such that wash chamber
water was also discarded. They were then gently delivered into the observation chamber.
Subject behavior was recorded for 10’ on a MacBook with Agent v5 HD web camera placed ~50
cm in front of the tank
For social choice experiments, conspecifics were placed in a two-compartment chamber (each
compartment was10 cm x 15 cm x 13 cm – L x W x H) behind the subject tank. Unfamiliar and
familiar conspecifics could see and interact with the subject but not with each other. Tanks were
illuminated from the bottom with white light using a lightbox (LED GraphPad). Videos were
recorded on Flea 3 (Point Grey) placed ~75 cm above the tanks using a 16 mm Computar lens
(COM1614MP2).
In experiments that required cortisol or isotocin measurement, behavioral experiments were
always performed between 14:00-18:00 in the afternoon. Subject fish were netted at the end of
the observation period, immediately euthanized in ice water, dried using Kimwipes, and flash
frozen in dry ice. Samples were kept at -70oC until thawed for cortisol or isotocin extraction.
Preparation of 1X Alarm Pheromone (Schreckstoff)
Schreckstoff was prepared as described in 54 with some modifications. Briefly, 4 to 5 fish were
euthanized by immersion in ice-cold water. 7 to 10 shallow lesions were made on the skin of
each euthanized zebrafish, using a sharp knife (Sharpoint, 22.5˚ stab), such that drawing of
blood was minimal. Fish were then immersed in 2 ml of 20 mM Tris-Cl (pH 8.0) and rocked on a
rocker for 5’. The 2 ml crude extract was heated at 95˚C overnight, then centrifuged at 13.2k
rpm in an Eppendorf microfuge for 10’. The supernatant and used as 1X Schreckstoff.
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Analysis
Videos were recorded at 25 fps and re-digitized at 12 fps. Tracking of the subject fish position
through the video was automated using the “track objects” algorithm in MetaMorph. 6.3. Macros
in Microsoft Excel were written to derive the position of the fish in the arena (swimmable tank
area) and speed (in mm/sec) followed by automatic computation of the following dependent
variables - percentage time spent in the bottom quarter area of the tank, pausing, freezing and
darting episodes as described 27. Briefly, pausing episodes were defined as 1 second of
immobility (speed<3.5 mm/sec). Freezing episodes were defined as extended periods of
pausing lasting at least 5” or more. Darting episodes were defined as erratic swimming episodes
where the swim speed exceeded the normal swimming speed of a fish by 10 SD. This normal
swimming speed was defined as the average swimming speed of 5 fish (3 males and 2 females)
observed in the same tank for 10 minutes each. In the social preference experiment
(Experiment 2), the area of the subject tank was divided into quadrants and total time in each
quadrant was quantified.
To compute the Composite Z-score, we first normalized data across all conditions for each
dependent variable (DV; Supplementary Figure S1) by calculating z-scores for each
observation. That is, we computed z = (X – µ)/σ, where X = observation, µ = population mean,
and σ = population standard deviation. For normalization one of the strategies as recommended
by 55 was used. Since subjects in the Control conditions rarely displayed certain DVs (such as
pausing, darting), population µ and σ for a DV included Experimental and Control conditions and
Controls therefore show negative scores. We then used an integrated behavioral z-score
system as recommended in 28, that is composite z score = (zDV1 + z DV2 + z DV3 + zDV4) / 4 (# of
DVs).
Cortisol extraction and assay
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Whole-body cortisol was prepared as described before with some modifications 56. Briefly, fish
were thawed from -70oC, weighed and decapitated. The fish body without the head was
dissected into five pieces and divided into five 2ml Eppendorf tubes. 200ul of 1X PBS (pH 7.2)
at 40C was added to each tube and homogenized using an Ultra-Turrax Disperser (T10 basic;
IKA). Cortisol was extracted in 1400 ul of Ethyl Acetate (Sigma) by vortexing the tubes for 30”,
followed by centrifugation at 7000g for 15’ at room temperature. Organic layer (top) that
contained cortisol was collected in fresh tubes and left in the fume hood overnight to allow ethyl
acetate to evaporate. Cortisol was reconstituted in 1ml of 1X PBS and stored at 40C. ELISA was
performed using either Cayman (Item # 500360) or Enzo (Catalog # ADI-900-071) cortisol
measurement kits following the manufacturer’s instructions within 2-3 days of extraction.
Cortisol levels of samples were determined by constructing a standard curve and interpolation.
Isotocin extraction and assay
Fish were thawed from -70oC, dried, decapitated and the head was weighed. Peptide extraction
was performed from the head by reverse phase chromatography using disposable Sep-Pak C18
cartridges (Millipore) as described 57 with some modifications. Briefly, heads were homogenized
using an Ultra-Turrax Disperser (T10 basic; IKA) in 1ml of 0.25% Acetic acid (v/v) for 30”. The
homogenate was placed in boiling water bath for 200”, cooled on ice and centrifuged at 1500
RPM for 30’ at 4oC. Sep-Pak C18 cartridge was activated by pushing 5ml of 100% Methanol
followed by 20ml of distilled water. Supernatant from tissue homogenate was pushed through
the column slowly over 2 minutes. The column was then washed by pushing 10 ml of 4% Acetic
Acid (v/v) followed by 10 ml of distilled water. Neuropeptides were then eluted by passing 1 ml
of 3mM HCl in 100% Ethanol through the column over 2 minutes. The eluate was flash frozen in
dry ice and evaporated to dryness using a centrifugal concentrator under vacuum and stored at
-20oC till use. Determination of isotocin was performed using Enzo ELISA kit (Enzo, NY, USA)
following manufacturer’s instructions within 10 days of extraction. Isotocin levels of samples
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were determined by constructing a standard curve and interpolation. Intra-assay variance was
calculated to be between 1% - 7.5%. Isotocin detection of 2 subjects each in the ExperimentalFamiliar, Experimental-Unfamiliar groups and 1 subject from the Experiment-Alone at the 10minute time point failed and could not be included.
Statistics
For all experiments distribution of individual data points, mean and the error bars showing 95%
confidence interval (95 CI) are presented as recommended 58. Experimental data was analyzed
by one-way or two-way analysis of variance followed by two-sided unpaired Welch’s t-tests.
Differences were considered significant when p < 0.05. In experiments 3 and 4, modified
Bonferroni correction was applied as suggested in 59 for multiple comparisons to set the alpha
threshold of p value to 0.033.
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Figure Legends
Figure 1. Behavioral markers of social buffering in the zebrafish
A) Schematic of social buffering paradigm. Experimental subjects were exposed to alarm
substance for 2 minutes, washed and released into observation tanks for 10 minutes. B)
Representative swimming traces (10 minutes) of Experimental subjects after exposure to alarm
substance when alone (left) or with conspecifics (right). Mean with whiskers showing 95%
confidence interval and distribution of C) Composite Z-score in Control-Alone, Control-Conspecifics, Experimental-Alone, and Experimental-Conspecifics. N = 10/ group. P value from
unpaired Welch’s t-test.

Figure 2. Distressed subjects prefer familiar companions in a 2-choice assay
A) Schematic showing the design of the social preference test. B) Mean with whiskers showing
95% confidence interval and distribution of subject’s time (percentage of total) in the quadrant
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adjacent to familiar (shaded gray in A) and unfamiliar conspecifics (shaded red in A). N =
16/group, p-values of unpaired Welch’s t-test comparing time in quadrants against chance (25%
of total time, indicated by dashed line).

Figure 3. Familiar conspecifics reduce behavioral and physiological markers of distress.
Mean with whiskers showing 95% confidence interval and distribution of A) Composite Z-scores
and C) Whole-body cortisol levels in subjects from Experimental-Alone, Experimental-Familiar,
and Experimental-Unfamiliar groups (N = 24/ group). Cortisol levels are represented in ng/gm of
tissue. Difference of means (delta) represented as mean with whiskers showing 95% confidence
interval for B) Composite Z-scores shown in A and D) Whole-body cortisol levels shown in C.
Brown bar in C) shows the 95% confidence interval of cortisol level for fish collected from the
home tank (N = 10). Effect size is computed as Cohen’s d and p values are adjusted for multiple
comparisons. A/F: Experimental-Alone vs. Experimental-Familiar, A/U: Experimental-Alone vs.
Experimental-Unfamiliar, U/F: Experimental-Unfamiliar vs. Experimental-Familiar.

Figure 4. Endogenous isotocin levels spike after interactions with familiar companions.
Mean with whiskers showing 95% confidence interval and distribution of isotocin levels (ng/fish)
in subjects at A) 5 minutes (N = 16/group) and C) and at 10 minutes (N = 14/group) for groups
Experimental-Alone, Experimental-Familiar, and Experimental-Unfamiliar. Brown bar shows the
95% confidence interval of isotocin level for fish collected from the home tank (N = 16).
Difference of means (delta) represented as mean with whiskers showing 95% confidence
interval in B) for Isotocin levels at 5 minutes shown in A and in D) for Isotocin levels at 10
minutes shown in C. Effect size is computed as Cohen’s d and p values are adjusted for
multiple comparisons. A/F: Experimental-Alone vs. Experimental-Familiar, A/U: ExperimentalAlone vs. Experimental-Unfamiliar, U/F: Experimental-Unfamiliar vs. Experimental-Familiar.
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Supplementary Figure Legends
Supp. Figure 1. Dependent variables integrated to derive composite Z-score in Figure 1.
Dependent variables showing A) percent time in the bottom 1/4th of the tank, B) pausing
episodes, C) freezing episodes and D) darting episodes in Control – alone, Control -with
conspecifics, Experimental-Alone, and Experimental - with conspecifics. P-values are calculated
from Unpaired T-tests.
Supp. Figure 2. Cortisol levels are high and similar between groups at 5 minutes.
Whole-body cortisol levels in subjects from Experimental-Alone, Experimental-Familiar and
Experimental-Unfamiliar groups (N = 16/group). Brown bar shows the 95% confidence interval
of cortisol level for fish collected from the home tank.
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Supplementary Figure 2: Cortisol levels are similar and high in all 3 conditions at 5
mins.
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