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Abstract

The zebrafish is a social vertebrate and an excellent translational model for a variety of human
disorders. Abnormal social behavior is a hallmark of several human brain disorders. Social
behavioral problems can arise as a result of adverse early social environment. Little is known
about the effects of early social isolation in adult zebrafish. We compared zebrafish that were
isolated for either short (7 days) or long duration (180 days) to socially housed zebrafish, testing
their behavior across ontogenesis (ages 10, 30, 60, 90, 120, 180 days), and shoal cohesion and
whole-brain monoamines and their metabolites in adulthood. Long social isolation increased
locomotion and decreased shoal cohesion and anxiety in the open-field in adult. Additionally, both
short and long social isolation reduced dopamine metabolite levels in response to social stimuli.
Thus, early social isolation has lasting effects in zebrafish, and may be employed to generate
zebrafish models of human neuropsychiatric conditions.
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Introduction

Early social environment has remarkable and long-lasting effects on the behavior and

physiology of an animal. Developmental social isolation has been used extensively to study

the functional importance of early social stimuli in a variety of group-living species. For

example, early social isolation models exist in rodents (Fone & Porkess, 2008; Shams et al,
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2012; Lomanowska et al, 2017), birds (Leitner & Catchpole, 2007; Town, 2011), and non-
human primates (Harlow et al, 1965; Higley et al, 1991), where early deprivation from social
stimuli or social contact has been found to lead to an array of deficits in adulthood,
associated with altered behavioral, physiological, and neural development. However, as all
above cited species are altricial (i.e. their young require maternal care), developmental
isolation in these species does not allow investigation of the effects of social isolation
without the confounding effects of maternal deprivation.

In contrast, zebrafish is a precocial species where young zebrafish require no maternal care,
and developmental isolation can be induced immediately post-fertilization. The zebrafish is
also easy and economical to keep in the laboratory, and provides a suitable model system
due to evolutionary conservation of key features, including their genes, whose nucleotide
sequence is often found highly similar to that of mammalian homologs (Howe et al, 2013;
Rinkwitz et al, 2011). Social interaction is an important and highly developed zebrafish
behavior, and its study has been suggested for the modeling and analysis of human disorders
associated with social abnormalities (Morris, 2009; Tropepe & Sive, 2003). Accordingly,
there has been a rise in efforts to characterize zebrafish social behavior (Miller & Gerlai,
2007; Saverino & Gerlai, 2008; Buske & Gerlai, 2011; Green et al, 2012; Maaswinkel et al,
2013b; Qin et al, 2014). However, the effect of isolation on zebrafish has rarely been
analyzed. Similarly, while the importance of studying underlying functional mechanisms has
been highlighted (Bailey et al, 2013; Gerlai, 2014; Fonseka et al, 2016), specific brain areas
or neurotransmitter systems involved in zebrafish social behavior remain poorly understood.

A typical characteristic of zebrafish social behavior is shoaling, i.e., forming and remaining
in a tight group called a shoal (Miller & Gerlai, 2007). Shoaling is not observed in fish
younger than 7 days post-fertilization (dpf), and starts to develop after this age becoming
progressively stronger as the fish mature (Buske & Gerlai, 2011; Dreosti et al, 2015; Hinz &
de Polaveija, 2017). Furthermore, the development of shoaling has been found to be
associated with rising whole brain dopamine levels (Buske & Gerlai, 2012). Like in
mammals, early social environment of zebrafish can affect later expression of social
behavior, for example, early social experience has been found to determine excursions away
from the shoal and aggression towards shoal-mates in adulthood (Moretz et al, 2007).

The presence of visual and olfactory social cues in the environment during early
development (first week of life) may be critical for appropriate ontogenesis of social
behavior (Mann et al, 2003; Engeszer et al, 2004; Gerlach et al, 2008; Dreosti et al, 2015).
Gerlach et al (2008) found 21 dpf to 30 dpf zebrafish fry to exhibit olfactory preference for
kin vs. non-kin when raised with siblings during the first 7 days of life, while fry isolated
from all conspecifics during the first 7 days did not differentiate between odor cues from kin
and non-kin. It is unknown if these effects persist in adulthood. Engeszer et al (2004) also
demonstrated that early social experience, i.e. visual cues, such as pigment pattern of the
stimulus shoal fish, determine adult shoaling preference, and also found that the preference
for shoal-mates with the particular pigment pattern is diminished in 90-days old zebrafish
raised in isolation (Engeszer et al, 2004).

Dev Psychobiol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shams et al.

Page 3

Thus, it appears that socially-deprived zebrafish fail to show social preference due to
absence of social cues during development. Specific mechanistic processes responsible for
the development of preference for particular social cues or for the impairment of such
preference remain unknown in zebrafish. It is possible that isolation-reared zebrafish are
unable to associate conspecifics as a rewarding experience due to changes in reward
pathways that engage the dopamingeric system. Several direct and indirect pieces of
evidence demonstrate the involvement of the dopaminergic system in shoaling. First, in a
developmental analysis, Buske & Gerlai (2012) found strong correlation between age-
dependent strengthening of shoaling behavior and increasing levels of dopamine and
DOPAC, relative to total brain protein weight, as the fish matured. Second, Saif et al (2013)
demonstrated that in response to social stimuli, dopamine and DOPAC levels rapidly rise in
the brain of adult zebrafish. Third, in a psychopharmacology study, Scerbina et al (2012)
showed that dopamine D1-receptor antagonism dose dependently impaired shoaling in adult
zebrafish. Last, Al-Imari & Gerlai (2008) found that visual access to conspecifics could
serve as a positive reinforcer and motivate zebrafish to learn in an associative learning task.

Early social environment may influence not only social but also non-social behaviors. For
example, Zellner et al (2011) isolated young zebrafish from 1 dpf to 5 dpf, and found
decreased locomotor activity in the isolated fish on 6 dpf compared to fish kept in social
groups. However, these authors did not observe the fish past the age of 6 dpf. Social
deprivation in adulthood has also been shown to alter anxiety-related behaviors and
serotonin levels in brains of adult zebrafish (Collymore et al, 2015; Shams et al, 2015). It is
possible that the manipulation of early social environment of zebrafish may also affect
anxiety-related behavioral responses and not only the dopaminergic but also the
serotoninergic neurotransmitter system. It is also probable that complete, as opposed to
short-term, social deprivation starting from early development would have a stronger effect
on subsequent adult behaviors, however, this question has not been experimentally answered
yet.

To address some of the above questions, we manipulated the early social environment of
zebrafish. We generated experimental zebrafish that were reared in social isolation from
post-fertilization day (pfd) 0. In order to test the effects of short, as opposed to long,
developmental social isolation, we also isolated zebrafish from pfd 0 only to pfd 7, the
period that was previously thought to be critical for the development of social responses
(Gerlach et al, 2008; Zellner et al, 2011), e.g. for the development of preference for certain
social cues. We compared fish in long or short isolation conditions to control fish that were
reared in social groups, and monitored the changes of locomotor activity as well as open-
field behavioral responses related to anxiety across development (testing behavior on pfd 10,
30, 60, 90, 120, 150, 180). Furthermore, we quantified shoaling behavior and whole-brain
levels of neurotransmitters dopamine, serotonin, and their metabolites of adult fish in these
three groups.
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Methods & Materials
Fish Husbandry & Housing

All zebrafish were bred and housed in the vivarium at the University of Toronto Mississauga
as directed by the Canadian Council on Animal Care and the Local Animal Care Committee.
Adult 6™ generation descendants of AB strain of zebrafish (Danio rerio), originally obtained
from the Zebrafish International Research Center (ZIRC, Eugene, OR), were used to breed
experimental fish. Parent pairs were bred to collect fertilized eggs, which were bleached
(0.5% bleach solution, 2 minutes) within 2hrs of fertilization as per standard protocol
(Westerfield, 2007). Developing fry and adult zebrafish were maintained on a high-density
recirculating aquatic housing system (Aquaneering Inc., San Diego, CA, USA) equipped
with a multi-stage filtration that included activated carbon filtration, fluidized bed biological
filtration, and UV sterilization. Housing rack water temperature, salinity and pH were
maintained in the ranges of 28-30 °C, 150-300 uS, and 6.5-8.5, respectively. Fish were kept
in a 12hr light:12hr dark cycle (lights on at 0900 h). All fish were fed at least twice daily
with food appropriate for the age, size, and number of fish in a given tank, to support
sufficient growth. Between post-fertilization day (pfd) 5 and30, fish were fed Larval
Artificial Plankton 100 (microparticle size below 100um, from ZeiglerBros, Inc., Gardners,
PA, USA), and after pfd 30, with alternating diets that included nauplii of brine shrimp
(Artemia salina) and dried flake food, a 1:1 mixture of Tertramin Tropical fish flake food
(Tetra Co, Melle, Germany) and spirulina (Jehmco Inc., Lambertville, NJ, USA). A total of
80 zebrafish were used. We recorded behavior from 45 fish across development. Additional
35 fish were habituated to the developmental testing procedure, but were not recorded or
analyzed during development. This was done to assure sufficiently large sample sizes for
social interaction testing in the adult.

Developmental Isolation & Experimental Groups

Following fertilization, embryos from the same clutch were randomly assigned to one of the
experimental groups: long isolation (no social experience from pfd 0 to pfd 180), short
isolation (isolated from pfd 0 to pfd 7 and social experience from pfd 8 to pfd 180), or no
isolation, control/social fish (always kept in groups of five from pfd 0 to pfd 180). Isolation
was achieved by placing the fish singly in 1.4 liter trapezoid Plexiglas isolation tanks (23 x 5
x 24 cm, length x width x depth). In these single tanks, the isolated fish had no access to
visual, olfactory, or tactile cues of other fish. Social housing was achieved by placing the
fish in 2.8 liter trapezoid Plexiglas tanks (23 x 15 x 24 cm, length x width x depth) in
groups of five per tank. To block any visual cues from neighboring non-experimental fish for
both social and isolation conditions, gray polycarbonate dividers were placed between tanks
throughout development. The internal filtration system of the system rack could not be used
because the filtered water would have provided olfactory cues from other fish on the rack.
Thus, to maintain good water quality, 50% of the water in all experimental tanks was
changed manually every day between pfd 1 and pfd 10. Subsequently, standard recirculation
water flow was delivered automatically by the aquatic housing system to all fish tanks.
Except for the experimental manipulation of social environment of the home tank, all other
procedures were the same for the three groups. As experimental group assignment and
testing took place before sexual maturity, we could not determine or control the sex ratio of
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the experimental fish populations across development. Once fish reached adulthood, the
distribution was determined to be approximately 50% males and 50% females.

Behavioral Apparatus and Testing

All experimental testing took place between 1000 and 1800 h. For open-field testing, fish
was tested repeatedly across development at pfd 10, 30, 60, 90, 120, 150, and 180 age
(Figure 1A). At each developmental age, fish from the three groups were tested singly in an
open field proportional to their body size, with linear dimensions of the open field tank
being approximately 20x the body length of the experimental fish. For example, at pfd 90,
most fish were 2.5-3 cm in body length. We used the 50x50 ¢cm arena for the smaller fish
(body length ~ 2.5cm) and 60x60 cm arena for the larger fish (body length ~ 3cm). Open-
field tanks were filled with water from the home system-rack to 50% of the depth of the tank
(to allow better 2-d tracking), and walls were covered with thin wax-paper to make them
translucent. Each fish was netted from their home tank, put in the center of the testing arena
alone, and was allowed to explore freely. Afterwards, each tested fish was taken from the
open-field and returned to a tank similar to their previous home tank (with size-matched
conspecifics of the same experimental group for social housing conditions). Testing sessions
lasted 30 minutes and were recorded with an over-head (bird’s eye view) digital video-
camera (Sony HDR-XR550, Sony Corporation, Japan). These recordings were transferred to
a hard drive, and later tracked with our in-house tracking software ‘TheRealFishTracker’,
which previously has been used successfully by our lab and others (Mahabir et al, 2013; Saif
et al, 2013; Buske & Gerlai, 2014; Felix et al, 2017). The X-Y coordinates generated by the
tracking software were used to extract path parameters using the R-language (Mahabir et al,
2013; Buske & Gerlai, 2014). Three parameters were extracted: distance traveled (cm),
percent of time spent in the perimeter, and number of entries made to the center. Distance
traveled is a measure of locomotor activity, time spent in perimeter measure thigmotaxis or
wall-hugging, and center entries quantify the transitions between thigmotaxis and center
exploration. Thigmotaxis has been established as an expression of anxiety in several animal
species, including zebrafish (Maximino et al, 2010; Schnorr et al, 2012; Shams et al, 2015;
Baiamonte et al, 2016). Anxious animals spend more time in the perimeter and make less
entries in the center of the open-field. To quantify thigmotaxis, each side of the square open-
field was divided into ten equal sections, giving a 10 x 10 grid (Figure 1B). The perimeter
was defined as the area within two linear-units from the walls, while the center was defined
as the area further than two linear-units.

Lastly, fish were tested in a shoaling task at age pfd 185, in a large open-field (70 x 70 x 25
cm, length x width x depth). Fish were netted from their home tank and released
simultaneously in groups of five in the center of the testing tank. Social fish were tested with
social fish from different home tanks (to prevent potential effects of established hierarchy),
while isolated fish were tested with isolated fish (long with long, and short with short). The
behavior of fish was video-recorded using an over-head camera, their swim paths were
tracked as described above and as developed by Buske & Gerlai (2014). Using X-Y
coordinates of individual fish, we extracted inter-individual distances (11D) between every
pair of fish in all combination in the 5 member shoals we recorded. Inter-individual distance
is often used as a measure of shoal cohesion (Miller & Gerlai, 2008; Ladu et al, 2014). This
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measure quantifies how far a given shoal member is, on average, from all of its shoal-mates.
The advantage of this measure is that it incorporates all distances between that focal fish and
its shoal-mates, and thus it comes with no loss of information. The disadvantage of the
measure is that its value is influenced by the number of shoal members, which may vary
among different studies. Another popular measure is the nearest neighbor distance (NND).
The advantage of this measure is that it does not depend on the number of shoal members as
it only quantifies the distance between the focal fish and the shoal member closest to it. For
this same reason, however, this measure loses information, as it does not incorporate the
other distances, i.e. the distances between the focal fish and shoal members that are further
away from it than its nearest neighbor. For these reasons, we calculated both measures, and
compared our adult fish of the three isolation treatment groups. In addition to the 45 fish
observed throughout development, additional 20 social and 15 long-isolated fish were
habituated and observed during social interaction. In total, 7 shoals of social/control fish, 3
shoals of short-term isolated fish, and 6 shoals of long-term isolated fish were recorded and
analyzed. Note that the unit of statistical analysis here was the shoal and thus the above
specified shoal numbers represent the sample sizes.

Neurochemical Quantification

Immediately following the adult shoaling task, all fish were euthanized by decapitation. The
subjects’ bodies were weighed and their brains were dissected on dry ice and stored in a
—80 °C freezer. Brains were processed as previously described (Chatterjee & Gerlai, 2009)
with slight modifications. Briefly, each zebrafish brain sample was homogenized in artificial
cerebral spinal fluid (ACSF, Harvard Apparatus, UK) and stabilizers. Each brain sample was
centrifuged and the supernatant was analyzed for levels of dopamine and serotonin and their
metabolites in a single run. Samples (5 uL) were processed using BAS 460 MICRO-Bore-
HPLC system chemical detection (Bio-analytical Systems Inc., West Lafayette, IN) with a
Uniget C-18 reverse phase microbore column (BASi, Catalogue # 8949) as the stationary
phase, and an acetonitrile and tetrahydrofuran buffer mobile phase (Chatterjee et al, 2014).
Neurochemicals in the experimental samples were quantified using known standard
concentrations of chemically pure serotonin, dopamine, 3,4-Dihydroxyphenylacetic acid
(DOPAC), serotonin, and 5-hydroxyindoleacetic acid (5HIAA) (Sigma-Aldrich, Oakville,
ON, CA) and normalized to individual weight and brain protein for each fish (stated as
ng/mg of brain protein).

Statistical Analyses

Data from 45 fish were observed across development in the control, short-term isolation and
long-term isolation conditions (n=15 for each group). Due to technical error, videos were
lost for 15 fish for age pfd 10 and 30. Thus, analysis was done for 30 fish at ages pfd 10 and
pfd 30, and for all 45 fish the rest of the time points. Outliers were identified and removed
using visual box plot analysis (Williamson, Parker & Kendrick, 1989). Final sample sizes
were between 10-15 for each group for this analysis. One-way repeated measures ANOVAs
were conducted to analyze the effect of isolation (the between-subject factor) and age (the
within-subject factor) on the behavior of experimental zebrafish. One way ANOVA was also
performed for each age separately as appropriate, followed by Post-hoc Tukey HSD analysis
to investigate differences among and between treatment groups. In addition, to analyze

Dev Psychobiol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shams et al.

Results

Page 7

potential time-dependent changes within each testing session, at each developmental age,
repeated measures ANOVA was performed with isolation as between-subject factor and time
bins (2-min intervals) as repeated within-subject factor.

For social interaction, the unit of analysis was a shoal, and group differences were analyzed
by repeated measures ANOVA with isolation as a between-subject factor and time bins (four
5-min intervals) as a within-subject factor. Final sample sizes were 3-7 shoals for each

group.

Finally, data for neurochemicals were analyzed by one-way ANOVA with isolation as the
between-subject factor for individual fish. If there was a significant main effect of isolation,
post-hoc multiple comparison Tukey HSD tests were carried out. Final sample size was 15
for each group for this analysis. All statistical analyses were conducted using IBM SPSS
Statistics (version 23.0). The null hypothesis was rejected when p < 0.05.

Effect of isolation and age on open-field behaviors across development

Figure 2 depicts the performance of fish as they mature. Figure 2A shows the ontogenetic
changes in distance traveled for fish of the three isolation treatment groups. The results
suggest that fish traveled longer distances as they matured, and also that fish of the three
treatment groups behaved differently at certain ages. These observations were confirmed by
ANOVA of distance traveled, which detected a significant main effect of isolation (F(2,25) =
6.804, p = 0.004), and of age (F(6,150) = 75.627, p < 0.001), without a significant isolation
x age interaction (F(12, 150) = 0.76, p = 0.61). It is notable, however, that ANOVA is known
to be underpowered to detect significance of interaction between main effects (Wahlsten,
1990), and thus to further investigate potential treatment effects, we conducted one-way
ANOVA for each age followed by Post-hoc Tukey HSD analysis. These analyses showed no
group differences between ages pfd 10-120 (F(2, 29-44) < 2.492, p > 0.10, for all age
points). For age pfd 150, one-way ANOVA showed that the isolation treatment effect
approached significance (F(2,43) = 3.194, p = 0.051) and by age pfd 180 it has become
highly significant (F(2,44) = 7.041, p = 0.002). Tukey HSD analysis confirmed that fish of
the long isolation group traveled significantly longer distance than fish of the short isolation
or control groups (p < 0.05).

Figure 2B depicts the percent of time fish of the three groups spent in the perimeter of the
open-field across the different age points. Again, the results suggest isolation treatment
induced differences as well as age-related changes in behavior. ANOVA detected significant
main effects of isolation (F(2,27) = 4.998, p = 0.014), and of age (F(6,162) = 3.989, p =
0.004), but found no significant interaction between isolation and age (F(12,162) = 0.477, p
= 0.876). Subsequent ANOVAs performed for each age point separately confirmed no
isolation treatment induced differences at age pfd 10, 30, 60, 150, and 180, (F(2, 29-44) <
2.103, p > 0.135, for all). At age pfd 90, the difference among treatment groups approached
but did not reach significance (F(2,42) = 2.768, p = 0.074), but at age pfd 120, it did (F(2,44)
=5.708, p = 0.006). Tukey’s HSD analysis conducted for this age point (pfd 120) showed
that fish of the long isolation group spent significantly (p < 0.05) less time in the perimeter,
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compared to fish of the control and short isolation groups. Likewise, Figure 2C suggests that
the number of entries to the center of the open field was changing as the fish matured, and
also that fish of the three treatment groups may not have behaved the same manner. ANOVA
confirmed these observations and found the effect of isolation (F(2,26) = 4.927, p = 0.015)
and of age (F(6,150) = 7.128, p < 0.001) both significant. However, isolation x age
interaction was found non-significant (F(12, 156) = 0.308, p = 0.97). ANOVA conducted
separately for each age point revealed no group differences on pfd 10, 60, 90, 150, and 180
(F(2,44) < 2.422, p > 0.10). At pfd 30 the difference among isolation treatment groups
approached but did not reach significance (F(2,29) = 2.859, p = 0.075). But at pfd 120, the
treatment groups were found to significantly differ (F(2,44) = 4.227, p = 0.021), such that
fish of the long isolation group made significantly more center entries compared to fish of
the short isolation group (p < 0.05).

Effect of social isolation on temporal changes in locomotor activity within testing sessions

Next, we examined potential temporal changes in distance traveled within the 30 minutes
testing session. We conducted this analysis for each age point separately, and compared the
three isolation treatment groups of the same age. Short-term, i.e. within session, temporal
changes in the quantified behavioral measures are expected due to habituation, e.g., as a
result of changes in the level of anxiety and exploratory drive (Brenes et al, 2009;
Maaswinkel et al 2013a). We found significant main effect of time at pfd 30 and 180 but not
for other age groups (see Table 1). Isolation did not affect activity levels for any ages
between pfd 10-150, as no main effects were found for these ages (Figure 3, Table 1). For
pfd 150, the main effect of isolation approached statistical significance, and by pfd 180 it
became highly significant. Isolation x time interaction was found non-significant for any age
point tested (Table 1).

Effect of social isolation on temporal changes in percent of time in the perimeter and the
number of entries to the center recorded within testing sessions

Table 1 summarizes the results of statistical analysis of open-tank behaviors, time spent in
the perimeter and number of entries made to the center of the open-field. Figure 4 depicts
the percentage of time fish spent in the perimeter while Figure 5 shows the number of center
entries for the different age points across development. For both time spent in perimeter and
center entries, significant effects of time were revealed on all days, except pfd 30 (see Table
1). We found no effects of isolation at any age point, except at pfd 120. Furthermore,
isolation x time interaction was also found non-significant for percent of time in the
perimeter and for the number of center entries recorded at all age points.

Effect of developmental isolation on social interaction in adulthood

Inter-individual distances and distances to nearest neighbors of adult zebrafish measured
during the shoal task are depicted in Figure 6. Repeated measures ANOVA of inter-
individual distances revealed a significant main effect of social isolation (F(2,13) = 39.740, p
< 0.001) and of time (F(3,39) = 6.026, p = 0.002), but no significant interaction of social
isolation x time was found (F(6,39) = 0.309, p = 0.889). Post-hoc analysis showed that shoal
cohesion in fish of the long isolation group was significantly reduced as these fish were
significantly further from each other compared to control fish or to fish of the short isolation
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group (p < 0.05, figure 6A), a difference that remained consistent across all time bins
analyzed. Similarly, repeated measures ANOVA of nearest-neighbor distances showed a
significant main effect of social isolation (F(2,13) = 43.301, p < 0.001) and of time (F(3,39)
= 6.484, p = 0.004), but no significant interaction of isolation x time (F(6,39) = 0.758, p =
0.960, figure 6B). Post-hoc analysis showed that long isolation fish were significantly
further from their nearest neighbors, compared to control and short isolation fish (p < 0.05,
figure 6B) for each time bin.

Effect of developmental isolation on levels of monoamines and their metabolites

Fish body weights, taken after decapitation, were statistically indistinguishable across
treatment groups (F(2,44) = 1.504, p = 0.234). Levels of whole-brain neurotransmitters
dopamine and serotonin and their metabolites (DOPAC and 5HIAA respectively), were
quantified in adult zebrafish (figure 6). We found no significant effect of isolation treatment
on dopamine levels in the adult experimental zebrafish (ANOVA, F(2,44) = 0.336, p =
0.716; Figure 7A). However, analysis of levels of the dopamine metabolite, DOPAC, did
reveal a significant main effect of social isolation (F(2,44) = 7.658, p = 0.001; Figure 7B).
Post-hoc Tukey HSD test showed that compared to the social, i.e., control fish, both short-
term isolated and long-term isolated fish had significantly reduced DOPAC levels (p < 0.05
for both). In contrast, ANOVA found no significant main effect of isolation on levels of
serotonin (F(2,44) = 0.236, p = 0.791; Figure 7C) or on levels of serotonin’s metabolite,
5HIAA (F(2,44) = 0.145, p = 0.865; Figure 7D).

Discussion

The social environment, especially during early stages of development can have lasting
effects on brain function and behavior (Fone & Porkess, 2008; Levine et al, 2008;
Lomanowska et al, 2017). These effects have been well established in humans (Kaler &
Freeman, 1994; Chugani et al, 2001; Kumsta et al, 2010), and have been modelled most
often using laboratory rodents, including mice and rats (Lapiz et al, 2000; Lukkes et al,
2009; Yasuda et al, 2016; Amiri et al, 2017). For example, deprived animals show locomotor
hyperactivity, increased impulsivity, altered processing of reward and social deficits
(Ferdman et al, 2007; Lovic et al, 2011; Lomanowska et al, 2017), while physiological
changes include alterations in HPA axis response, sensitization to drugs of abuse, and altered
synaptic transmission and neural plasticity (Fone et al, 1996; Lapiz et al, 2000; Weiss et al,
2001; Levine et al, 2008).

The zebrafish is a relative newcomer in behavioral neuroscience, but it has already been
employed in a wide range of studies investigating human disorders from cancer (Berghmans
et al, 2005; Liu & Leach, 2011) to neuropsychiatric disorders (Kalueff et al, 2014). Social
behavior, i.e. shoaling, is a prominent feature of the zebrafish, and abnormalities associated
with social behavior are part or defining symptoms of a number of human brain disorders
(Tropepe & Sive, 2003; Guo et al, 2012; Norton, 2013; Meshalkina et al, 2017). Yet, only
very few studies attempted to use the zebrafish as a model of human disorders with social
abnormalities, or to investigate the effects of manipulation of the early and later social
environment of zebrafish.
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The current study represents a potential first step to address this hiatus. It investigated the
effects of early short-term as well as of extended, long-term, social isolation on the
ontogenesis of open field behavior (locomotor activity and thigmotaxis) as well as the
lasting effects of this treatment on social behavior and on neurochemical features of adult
fish. We report here for the first time that long-term social isolation, i.e. isolation from social
cues throughout the life of zebrafish, leads to hyperactivity, reduction in anxiety-like
responses, and significant disruption of shoaling in adult zebrafish, behavioral changes that
are accompanied by a reduction of DOPAC levels without any changes in the levels of
dopamine, serotonin, or SHIAA. However, behavioral changes we observed in the adult
zebrafish of the long-term social isolation group were not found in fish that were isolated
only for the first week of their lives. For example, shoaling behavior and locomotor activity
of the short-term isolated zebrafish were indistinguishable from those of control, non-
isolated (social) fish. Nevertheless, significant reduction of DOPAC level was observed in
the short-term isolated fish compared to control. These results thus suggest that, although
our current behavioral tests did not reveal any changes in the short-term isolated fish, social
isolation during the first week of the life of zebrafish does lead to lasting functional changes
in the brain. They also suggest that the behavioral changes seen in the long-term isolated fish
may not be fully, explained by the DOPAC level alteration seen in these fish.

Effects of Long-term Isolation on behavior

Long-term social isolation was found to result in significant hyperactivity in the adult fish.
For example, we found hyperactivity, i.e. elevation of total distance travelled, manifesting as
a significant change by pfd 120. This result is in line with reports showing isolation-induced
hyperactivity in rodents (Varty et al, 1999; Lapiz et al, 2000; Levine et al, 2008), especially
with those demonstrating that group differences in locomotor activity become more
prominent with longer isolation (Garzon & Del Rio, 1981). The reasons for hyperactivity in
animals isolated for extended periods remain unclear, but early isolation in rats has been
shown to lead to behavioral impulsivity in adulthood (Lovic et al, 2011; Kirkpatrick et al,
2014).

For rodents, developmental isolation also elevates anxiety (Lomanowska et al, 2006; Lukkes
et al, 2009; Yasuda et al, 2016; Amiri et al, 2017). In contrast, we found elevated number of
entries to the center and reduction of time spent in the perimeter of the open-field in long-
term isolated zebrafish. Both of these measures relate to thigmotaxis, and increased center
exploration and reduction in wall-hugging are taken as evidence of reduced anxiety (Schnorr
et al, 2012). The effects of developmental isolation on thigmotaxis have not been studied in
zebrafish before, but 90-day-long isolation of adult zebrafish was found to decrease
thigmotaxis (Shams et al, 2015). Reports of other anxiety behaviors after isolation have been
inconsistent. For example, bottom dwelling is an anxiety-related behavior that increases in
aversive environments. Compared to social control fish, Collymore et al (2015) reported
increased bottom dwelling after 21-days of single housing, while Parker et al (2012)
reported reduced bottom dwelling after 14 days of individual housing of adult zebrafish.
Solitarily housing (for 2-3 days) was found to make adult three-spined sticklebacks bolder
in risk-taking tasks, implying reduced anxiety (Jolles et al, 2016). None of these fish studies
investigated the effect of developmental and/or of long-term isolation, but physiological
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measures of anxiety, e.g. quantification of cortisol (Lindsey & Tropepe, 2014), may aid our
interpretation. For example, developmental isolation (lasting six months) in zebrafish did not
affect cortisol levels (Lindsey & Tropepe, 2014) suggesting long-term isolation may not be
stressful in zebrafish.

Analysis of shoaling responses may also allow us to evaluate anxiety or fear in zebrafish.
One of the adaptive functions of shoaling is predator avoidance (Landeau & Terborgh, 1986;
Hager & Helfman, 1991). Indeed, shoal cohesion increases in zebrafish exposed to aversive
stimuli (Miller & Gerlai, 2007; 2011; Speedie & Gerlai, 2008). Thus, increased inter-
individual distance and nearest neighbor distance, i.e. reduced shoal cohesion in the long-
term isolated fish, may be interpreted as reduction of anxiety, a conclusion that is in line
with the also detected reduction of thigmotaxis. Previously, Kerr (1962) stated that isolated
zebrafish became compact and oriented in the same direction in a shoal sooner than socially-
reared control fish. However, McCaan & Matthews (1974) found that isolation-reared fish
spent significantly less time shoaling with social stimulus than control fish. Furthermore,
Engeszer et al (2004) and Gerlach et al (2008) reported that socially-deprived zebrafish
failed to show social preference. These latter developmental studies have shown that
preference for specific conspecific stimuli is acquired via interactions with, or observation
of, shoal mates at the young age of zebrafish (Engeszer et al, 2004; Moretz et al, 2007).
Thus, lack of experience with conspecifics and absence of social cues during development
likely underlie the social deficits we observed in our long-term isolated subjects. These
results suggest that, unlike in rodents, long-term isolation in fish does not appear to be
stressful, and in fact it may reduce anxiety-related behaviors such as thigmotaxis and
shoaling. At this point, we are unable to decipher why long-term isolation leads to reduction
in anxiety. Isolated fish did not get exposed to stress related to dominance hierarchies,
competition for food, territorial behavior, or other types of aggression from conspecifics.
Nonetheless, systematic and parametric analysis of numerous social and anxiety related
responses along with physiological measures and pharmacological validation may be
required before we can properly interpret our results and those published in the literature.

Effects of Short-term isolation on Behavior

Unlike in the long-term isolated zebrafish, we did not find significant behavioral changes in
the short-term isolated zebrafish. For example, we found no changes in locomotor activity of
short-term isolated fish. Our findings are inconsistent with hypoactivity reported in 6-day
old zebrafish after isolation from pfd 0-5 (Zellner et al, 2011) and hyperactivity seen in
juvenile angelfish after 4-day social isolation (Gémez-Laplaza & Morgan, 1991). The
reasons for such discrepancies in locomotion following short isolation, are not known at this
point, but could be due to numerous experimental factors, including the species or the
genetic makeup of fish used, experimental conditions, e.g., lighting conditions, size of
experimental tanks, and other procedural details. Many of these environmental factors can
alter the balance between passive or active avoidance reactions to novelty, or influence the
level of fear or anxiety vs. exploratory drive of the experimental subject.

The interpretation of our results for the short-term isolation is even more complex in the
context of anxiety. Unlike the fish subjected to long-term isolation, we found short-term
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isolated fish to increase their time in the perimeter and to reduce the number of center
entries. The complexity of the interpretation of these results becomes apparent, however,
when one observes the high-resolution temporal changes in these two behaviors shown in
figures 4 and 5. These figures suggest that the shortest amount of time experimental
zebrafish spent in the perimeter of the open tank was right after they were placed in the tank,
but as the session progressed, all fish gradually increased their time in the perimeter.
Similarly, the number of entries to the center of the tank was highest at the beginning of the
recording session, a response that gradually subsided within the first 10 min. This was
surprising, since anxiety is expected to be highest at the start of the recording session and
should habituate with time. At this point, we do not have an explanation for this finding. One
working hypothesis is that our longitudinal design, i.e., the repeated testing using similar
apparatus and procedure across development, led to habituation and thus reduced anxiety.
However, it is also possible that these differences are related to the age of the fish, and not to
the number of prior test exposures, possibilities that will be explored in the future.

It is also noteworthy that our short-term isolation group showed shoaling behavior in
adulthood that was indistinguishable from that of control fish. There may be several possible
explanations for this result. One, resocialization after the first week of social isolation may
have reversed the effects of isolation induced changes, i.e. the mechanisms underlying the
development of social isolation induced changes are plastic. Two, the reduced shoal
cohesion seen in the long-term isolated zebrafish could have been induced by social isolation
after the first week of development of these fish. Three, and related to the previous point,
shoaling may not be sensitive to environmental manipulations in the first seven days of life,
because such manipulations cannot interfere with social behavior related mechanisms that
are not yet at work (Buske & Gerlai, 2011). Future studies that systemically manipulate the
length of exposure to social stimuli after early isolation, along with biological assays
revealing underlying mechanisms may allow a better understanding of this phenomenon.

Effect of isolation on Neurochemicals

Along with behavior, we also measured levels of neurochemicals from whole brain extracts
including dopamine, serotonin, DOPAC and 5HIAA for the three groups. Interestingly, the
level of DOPAC was reduced in short-term isolated zebrafish compared to control fish, and
to the same degree as found in the long-term isolated zebrafish. Reduced DOPAC levels
without changes in the amount of dopamine suggests that while production and storage of
dopamine may not have been altered in the adult fish that were isolated, the metabolism of
dopamine was significantly reduced. Upon dopamine release in the synapses, monoamine
oxidase B located in the glia and astrocytes metabolizes dopamine to DOPAC (Nayak &
Henchcliffe, 2008), and DOPAC levels have been used successfully as an indicator of
dopamine release (Cheng & Wooten, 1981; Megaw et al, 2001). Thus, the reduced DOPAC
levels found in fish of the two isolation treatment groups we interpret as a sign of blunted
dopaminergic neurotransmission. Reduction of dopaminergic neurotransmission may be the
result of numerous changes, including reduced number of dopaminergic neurons (altered cell
differentiation during brain development), impaired connectivity of these neurons (circuitry
level abnormalities resulting from abnormal cell migration and/or axonal growth behavior),
and/or abnormal molecular machinery within these dopaminergic neurons (Varty et al, 1999;
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Schweitzer & Driever, 2009; Lindsey & Tropepe, 2014). Although at this point we cannot
distinguish among these possibilities, we do note that the first hypothesis is less likely to be
correct because reduction in the number of dopamine neurons would likely lead to reduced
dopamine levels, which we did not find, and because dopaminergic neurons can be identified
within 24 hours post-fertilization (Wullimann & Rink, 2001; Schweitzer & Driever, 2009;
Yamamoto et al, 2010), at which point the developing embryo is still inside the egg, and is
not yet possible to get influenced by social isolation. It is also notable that we found no
changes in the serotoninergic system, at least at the level of neurochemicals analyzed,
suggesting that the alteration of the dopaminergic system may not represent a pan-neuronal
abnormality, but may be at least somewhat specific to this neurotransmitter system.

The dopaminergic system has been strongly implicated in two main functions, motivation
(Koob, 1996; Phillips et al, 2008) and motor function (Beninger, 1983; Salamone, 1992),
both of which could have direct relevance to our behavioral findings. For example, if the
dopaminergic system malfunctions as a result of soci al isolation, the motivation to shoal,
explore, or avoid aversive conditions may be altered, and thus altered shoaling responses to
social stimuli, modified exploratory activity in a tank, and changed anxiety and fear
responses may all manifest (Bergamini et al, 2016; Johnson et al, 2017; Kacprzak et al,
2017). Motor function, such as locomotory activity, may also change as a result of abnormal
functioning of the dopaminergic system irrespective of motivational context (Lambert et al,
2012; Jay et al, 2015).

However, as noted before, a notable aspect of our findings is that although we did detect
behavioral and DOPAC level changes in the long-term isolated fish, we found the DOPAC
level change without behavioral alterations (open tank and shoaling) in the short-term
isolated zebrafish. Thus, we conclude that the behavioral abnormalities we detected in the
long-term isolated zebrafish are unlikely to be explained solely by changes in their
dopaminergic system. Importantly, the HPLC method employed in the current study did not
distinguish separate brain areas, and thus we could not map the potential neuroanatomical
site-specific changes in neurotransmitter systems. For example, it is possible that site-
specific changes in the serotoninergic system could have contributed to the behavioral
abnormalities seen in the long-term isolated zebrafish. It is also possible that other
neurotransmitter systems, we have not characterized, contributed to the behavioral
alterations. In addition to a spatially refined HPLC analysis or higher resolution
neuroanatomical studies (e.g. immunocytochemistry or in situ hybridization), one could also
suggest functional characterization of circuitry using electrophysiological tools (McMahon,
1994; Lambert et al, 2012). Furthermore, transgenic reporter lines, e.g. dopaminergic neuron
specific lines, may also be employed to illuminate how certain neurotransmitter systems may
have been modified by social isolation. In summary, the question of what neurotransmitter
systems contributed to the behavioral effects of long-term isolation must be systematically
explored in the future. Conversely, the question of what behavioral changes the reduced
DOPAC levels found in short-term isolated zebrafish may have led to, must also be
systematically explored.

Clearly, our study raised more questions than it answered. Nevertheless, it did show that
short term (7 day-long) early social isolation can have long lasting consequences in brain
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function. It also showed that the behavioral consequences of long-term social isolation are
robust and different from short term developmental social isolation. These results now open
a new line of research into how social behavior of zebrafish develops and what underlying
biological mechanisms may support it.
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Figure 1.

(A?) Experimental timeline showing ages (in post-fertilization days; pfd) when open-field
behavior of experimental fish was recorded across development. The arena sizes
(proportional to the length of experimental fish) used for the open-field testing are also
shown. (B) Representation of the open-field perimeter and center used to quantify
thigmotaxis (wall-hugging) with a grid pattern shown. Perimeter is defined as two liner unit
area close to the wall. Center is the 6 x 6 liner unit square in the middle of the open-tank.
Greater percentage of time spent in the perimeter indicate increased thigmotaxis, while
higher number of entries in the center square indicate center exploration, i.e., reduced
thigmotaxis.
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Figure 2.
Average (A) total distance traveled, (B) time spent in the perimeter and (C) number of

entries in the center during 30 minutes of open-field testing across the various age points for
social control group, and short-term and long-term developmental isolation groups. Mean +
S.E.M. are shown. n = 10-15 fish per treatment group. Each fish was allowed to swim singly
and the x-y coordinates were recorded and used to calculate distances, time spent in
perimeter, and center entries. Note that compared to social/control fish, long-term isolation
led to hyperactivity in adulthood, and decreased anxiety-related behavior across
development. However, short-term isolation (pfd 0-7) did not.
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Figure 3.

Distance traveled during 30 minutes (averaged in 2-min bins) of open-field testing for social/
control, short isolation, and long isolation groups on pfd 10, 30, 60, 90, 120, 150, and 180.
Mean + S.E.M. are shown. n = 10-15 fish per treatment group. Each fish was allowed to
swim alone in an arena (whose linear dimensions were 20 times of the body length of the
experimental subject). The x-y coordinates were used to quantify distances traveled. Fish
subjected to long isolation traveled more distances in adulthood than fish in short isolation
and social control group.
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Average percentage of time spent in the perimeter of the arena during 30 minutes (in 2-min
bins) of open-field testing for social/control, short isolation, and long isolation groups on pfd
10, 30, 60, 90, 120, 150, and 180. Mean + S.E.M. are shown. n = 10-15 fish per treatment
group. Compared to social/control fish, fish in long-term isolation group spent less time in
the perimeter but fish in short isolation did not.

Dev Psychobiol. Author manuscript; available in PMC 2019 January 01.

2 30



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shams et al.

Number of Center Entries

Number of Center Entries

pfd 10 pfd 30 pfd 60

Number of Center Entries
Number of Center Entries

Number of Center Entries

Page 24

pfd 90

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (2 min bins) Time (2 min bins) Time (2 min bins)
pfd 120 pfd 150 pfd 180

Number of Center Entries
Number of Center Entries

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
‘Time (2 min bins) Time (2 min bins) Time (2 min bins)

2 4 6 8 10 12 14 16 18 20 22 24 26

Time (2 min bins)

—&— Social
—O— Short Isolation
—O— Long Isolation

Average number of entries made in the center of the arena during 30 minutes (in 2-min bins)
of open-field testing for social/control, short isolation, and long isolation groups on pfd 10,
30, 60, 90, 120, 150, and 180. Mean £ S.E.M. are shown. n = 10-15 fish per treatment
group. Compared to social/control fish, fish in long isolation group made more center entries

but fish in short isolation group did not.
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Average (A) inter-individual distances and (B) nearest neighbor distances during 20 minutes
of social interaction between shoals of adult fish in social/control, short-term isolation, and
long-term isolation group. Mean + S.E.M. are shown calculated for 5 min time bins. n = 3-7
shoals per treatment group. Fish were allowed to interact freely and the x-y coordinates of
individual fish were used to calculate distances between shoal mates. Compared to control
group, long-term social isolation (pfd 0-180) significantly increased inter-individual
distances and nearest neighbor distances between shoal mates, but short-term early social
isolation (pfd 0-7) did not.
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Levels of whole-brain (A) dopamine, (B) DOPAC, (C) serotonin, (D) 5HIAA. Mean £
S.E.M. are shown. n = 15 fish per group. Compared to the control fish, early social isolation
significantly reduced level of dopamine metabolite, DOPAC in both short-term (pfd 0-7)
and long-term (pfd 0-180) isolated adult zebrafish. Levels of dopamine, serotonin, and its
metabolite 5SHIAA were not affected by social isolation. Samples were taken following 20-
minutes of social interaction of groups fish. Neurochemical levels are expressed as weight of
neurochemical per weight of total brain protein (ng/mg). Bars represent group mean (£
S.E.M). Filled star () represent significant main effect of isolation and (a) denotes that
long-term isolated and short-term isolated fish are significantly difference from social
control fish at p < 0.05 as detected by a Tukey HSD post-hoc analysis.
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