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Abstract

Abnormal social behavior is a hallmark of several human neuropsychiatric and
neurodevelopmental disorders for which appropriate treatment is lacking. The zebrafish has been
proposed as a tool with which these disorders may be modeled and their mechanisms analyzed. A
potential starting point of such analyses is the identification of genetic differences between distinct
zebrafish strains. Here we compare AB and TU, two well established zebrafish strains, and
characterize the developmental trajectories of their shoaling (social) behavior and of the levels of
dopamine, serotonin as well as a metabolite of each of these neurotransmitters, DOPAC and
5HIAA from whole brain extracts. Using a novel video-tracking software application, we
demonstrate significant strain dependent changes in the maturation of shoaling between day 7 and
day 87 post-fertilization. Using high-precision liquid chromatography specifically adapted to
zebrafish, we uncover a significant age x strain interaction in dopamine and DOPAC that
apparently correlates well with the behavioral differences found between the strains. We also
report on strain differences in serotonin and SHIAA. We discuss possible mechanistic analyses
that will address causality and conclude that zebrafish will be a useful tool with which the
neurobiological and genetic bases of social behavior may be analyzed in vertebrates.
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INTRODUCTION

The zebrafish is becoming an important model organism in behavioral brain research [1].
One prominent feature of zebrafish is their propensity to form groups, a social behavior
termed shoaling [2, 3]. Numerous human neuropsychiatric and neurodevelopmental diseases
are associated with abnormal social behavior [4-6], and the zebrafish has been suggested for
modeling and the analysis of the mechanisms of such diseases [7-9]. This suggestion is not
far fetched given the well documented translational relevance of this species [10-14].
Particularly, the nucleotide sequence of zebrafish genes has been found homologous enough
to that of human genes to aid identification of orthologs between these two species in
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hundreds of genetic studies, and conserved syntenic chromosomal regions between zebrafish
and human have also been identified [15].

The embryonic development of the zebrafish brain has been well studied [16, 17], and
attempts to understand neuronal mechanisms underlying simple behaviors have also been
successfully made using this species [18]. Recently, researchers have also started to map
changes that occur after the first 5 days of development of zebrafish (embryonic and “larval”
stages), i.e. after the fish reach free swimming stage [19, 20]. For example, Buske and Gerlai
[19] have demonstrated that shoaling (forming tight groups) is practically absent for the first
week of the free swimming stage of zebrafish but subsequently gradually develops, matures
with age. Also importantly, another study has found that correlating with this behavioral
change the dopaminergic and serotoninergic systems also mature, i.e. the levels (weight) of
corresponding neurotransmitters and their metabolites increase relative to total brain protein
weight [21].

A potentially fruitful way with which one can start the analysis of mechanisms underlying
brain function and behavior is to identify differences among inbred strains. This approach
has been utilized numerous times, for example, in the quantitative and molecular behavior
genetic analysis of rodents [22, 23], which includes studies that characterized strain
differences in mesolimbic and nigrostriatal dopamine binding sites [24], in dopamine
transporter sites [25], and, for example, in the distribution of dopamine receptors [26].
Although most genetically well defined zebrafish strains are not pure bred, in some strains
the percentage of homozygous loci is as much as 80 [27] and thus these strains, including
the two studied here (i.e., AB and TU) may be appropriate for comparative analyses. Strain
comparison studies have already demonstrated significant genetic differences in zebrafish.
For example, Carvan et al. [28] have shown differential strain dependent survival when
zebrafish were exposed to teratogens. Barba-Escobedo & Gould [29] detected strain
differences in visual social preference and anxiety-like behaviors. Pan et al. [30] revealed
strain differences in gene expression levels in and in neurochemical properties of the
zebrafish brain. Also noteworthy is a study that showed dopamine receptor antagonism to-
induce changes in the level of neurotransmitters in the brain of AB strain zebrafish but not in
a genetically heterogeneous population called SF [31]. Interestingly, AB and SF zebrafish
were also found to show significant differences in alcohol induced behavioral responses
[32]. While AB showed significant acute and chronic alcohol treatment induced changes,
including adaptation to extended exposure to alcohol both at the level of behavior and
neurochemistry, SF was found to be buffered against such effects and showed no, or only
significantly blunted, alcohol induced changes. These strain differences strongly suggest the
role of genes in a range of brain and behavior related functions in zebrafish.

In the current paper we decided to analyze potential differences between two of the most
frequently researched zebrafish strains, AB and TU with regard to how shoaling matures in
these strains. Because large number of genetic markers has been identified for these strains,
finding differences between the AB and the TU strains in this behavioral trait would allow
one to conduct quantitative trait locus (QTL) analysis, which may lead one to the
identification of gene(s) underlying the observed differences. Finding no differences
between these strains would also be an important result. In the latter case, one could suggest
a follow up analysis of F2 hybrids between these strains. If one found no segregation in the
target phenotype (shoaling in this case) in such an F2 generation, one could utilize the
parental strains in a mutagenesis study, for example employing ethyl nitroso urea (ENU), as
the host of mutation and mapping strains for subsequent linkage analysis-based positional
cloning. Thus, irrespective of the outcome of the comparison, we argue that characterization
of these and other zebrafish strains is important.

Behav Brain Res. Author manuscript; available in PMC 2014 June 15.
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In addition to analyzing the maturation of shoaling, we also decided to quantify potential
age-dependent changes in the levels of dopamine, serotonin and a metabolite of each of
these neurotransmitters. The rationale behind this was that previously embryonic alcohol
exposure was shown both to disrupt shoaling and to impair the dopaminergic and the
serotoninergic systems [33]. Furthermore, maturation of shoaling has also been found to be
accompanied with increases in the levels of these neurochemicals in zebrafish [21]. The
dopaminergic system has been implicated in shoaling in zebrafish [31,34] and the
serotoninergic system is involved in fear in mammals and zebrafish, among other functions,
and fear is believed to influence shoaling in zebrafish [34,35]. However, whether strain
differences in the age-dependent changes in levels of these neurochemicals exist has not
been analyzed.

Animals and Housing

Zebrafish of the AB and TU strains were used in this experiment. Both strains originated
from the Zebrafish International Research Centre (ZIRC, Eugene, OR). All fish used in the
experiments were bred in our vivarium (University of Toronto Mississauga) and housed in
groups of ten under identical conditions in the same holding room. Behavioral analysis was
conducted by measuring the fish in shoals. Each shoal had ten fish, the same ten individuals
that were housed together. The unit of statistical analysis for the behavioral data was the
shoal and the sample size represents the number of shoals tested. We tested a total of 56
shoals, 28 for AB and 27 for TU, in our behavioral study in a longitudinal manner. That is,
each shoal was followed throughout development. Gender could not visually be determined
when testing began (7 days post-fertilization). However, the gender composition of each
shoal was confirmed to be approximately 50-50% male-female. Fish were bred, raised and
maintained as described before [19]. Briefly, the fish were housed using a recirculating
Itration aquaculture rack system with mechanical, biological, and activated carbon
(chemical) filtration and a UV sterilizing unit (Aquaneering Inc. (San Diego, Ca, USA).
Water was maintained at 27 °C. The system water used on the rack and in the test tanks was
reverse osmosis purified and was supplemented with 60mg/l Instant Ocean Sea Salt to
achieve optimal water chemistry. Zebra sh were kept on a 12h light - 12h dark cycle with
lights on at 7:00 h. All fish were fed twice daily with Larval Arti cial Plankton 100 (particle
size below 100 pm, ZeiglerBros, Inc., Gardners, PA, USA) until 2 weeks post fertilization,
and subsequently with nauplii of brine shrimp (Artemia salina) until 4 weeks post
fertilization. Older and adult fish were fed twice daily with a 1:1 mixture of ake food
(Tetramin Tropical sh ake food, Tetra Co, Melle, Germany) and powdered spirulina algae
(Jehmco Inc., Lambertville, NJ, USA).

Behavioral testing

The linear dimensions of the test tank into which the group of ten experimental fish (the
shoal) was placed were 28 times the body length of the zebrafish subject (figure 1). This
tank/fish length ratio was found to be large enough to avoid forcing the fish artificially close
to each other but small enough to allow proper detection of fish and thus proper
quantification of their behavior [19, 36-38]. The order of testing the shoals was randomized.

First, fish were allowed to habituate to the experimental tank for 1 minute. Subsequently, an
overhead video camera (JVC HD) was remotely turned on and the behavior of the shoal was
recorded for 8 minutes. Testing took place between 10:00 and 17:00 h, i.e. during the middle
of the light phase of the light cycle of the fish.

Behav Brain Res. Author manuscript; available in PMC 2014 June 15.
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Each shoal was tested on post- fertilization day (dpf) 7, 23, 39, 55, 71 and 87, a longitudinal
developmental analysis. A video-tracking software application, developed in-house, was
employed to quantify numerous parameters of shoaling. This program is an automated video
tracking system which is similar in principle and in its functionality to commercially
available systems but it was specifically designed to be able to tracks multiple fish in the
same arena (with a sampling rate of 29 hertz). The application outputted a file containing the
xy coordinates of each fish. This raw data file was analyzed using the open source language
“R”. For the current paper, we calculated the distance between each focal fish and all of its 9
shoal members in a given shoal (Inter-Individual Distance) as described before [2] (also see
figure 1). We express inter-individual distance relative to body length. Similarly to keeping
the linear dimensions of the test tank proportional to the length of the fish, shoal cohesion is
also considered relative to body length because motor activity, speed of movement, i.e. the
time to traverse a set distance is linearly proportional to the length of the animal ([2, 39] and
references therein).

HPLC Analysis

For the high precision liquid chromatography (HPLC) analysis a separate set of fish were
used. A longitudinal analysis could not be performed since sample taking required
sacrificing the fish. HPLC was conducted at age 15, 40, 70 and 102 dpf. These age-points
were chosen to approximate and encompass the developmental stages analyzed in our
behavioral study. (Note that the 15 dpf stage is the earliest we can obtain sufficient amount
and quality of brain tissue samples for HPLC analysis. Also note that after 87 dpf the fish
are fully grown and mature.) Fish were decapitated rapidly at these time points and their
brains were removed under a dissecting microscope and placed on ice as described before
[40]. Brains were kept frozen in a microcentrifuge tube at —80°C) until further processing.
To perform HPLC, the samples were thawed and suspended in artificial cerebral spinal fluid
(ACSF, Harvard, 20p.l/sample e.g. 20 pl per 5 brains of 15 dpf, 20 .l per 2 brains of 40 dpf,
20 pl per 1 brain of 70 dpf and 20 ! per 1 brain of 102 dpf). Brains were sonicated and 2|
of the solution was analyzed for protein content. 1.l of stabilizer was added to the sample
and centrifuged. The supernatant was collected and stored at —80°C. HPLC analysis for
dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), serotonin and 5- hydroxyindoleacetic
acid (5-HIAA) of the supernatants was carried out using a BAS 460 MICROBORE HPLC
system with electrochemical detection (Bio-analytical Systems Inc., West Lafayette, IN,
USA) together with a Uniget C-18 reverse phase microbore column as the stationary phase
(BASI, Cat no. 8949), a method specifically adapted to zebrafish and described before [41].
At 15 dpf 5 brains pooled per sample, at 40 dpf 2 brains pooled per sample, and at 70 and
102 dpf 1 brain per sample were sufficient to reach appropriate detection thresholds. The
sample size (n=8-11) indicated in the figure legends represents the number of samples
(pooled for the younger fish) used per age group and not the number of individual brains
used.

Statistical analysis

SPSS version 14 written for the PC was employed to conduct the analyses. The behavioral
data were analyzed using repeated measure ANOVA with age as the repeated measure factor
and strain as the between subject factor. The developmental analysis of neurochemicals was
a cross sectional and not a longitudinal analysis (for this analysis the fish had to be
sacrificed at the particular age) and accordingly a 2 factorial non-repeated ANOVA was
used with Age and Strain as the between subject factors. In case of significant main effects
or interactions, post-hoc Tukey Honestly Significant Difference (HSD) or t-tests with
Bonferroni correction were conducted to minimize type-I error. Significance was accepted
when the probability of null hypothesis was less than 5% (p < 0.05).
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The current study confirmed previous findings and showed a robust age-dependent
strengthening of shoaling in zebrafish. Figure 2 demonstrates that the inter-individual
distance robustly decreased as zebrafish matured between 14 and 87 days post-fertilization.
The figure also shows that the age-dependent increase of shoal cohesion was apparently
different between the two zebrafish strains studied. These observations were confirmed by
repeated measure ANOVA, which revealed a significant Age effect (F(5, 265) = 154.082, p
< 0.001) and Age x Strain interaction (F(5, 265) = 5.935, p < 0.001) but found the Strain
effect non-significant (F(1, 53) = 0.248, p > 0.60). Post hoc multiple range comparison tests
including Tukey HSD analysis are inappropriate for repeated measures designs. To avoid
committing type | error we compared the strains at every age using independent samples t-
tests with Bonferroni correction. These analyses revealed that the inter-individual distance
among shoal members was significantly higher in AB vs. TU at age 7 dpf (t = +3.485, df =
53, p < 0.01), was marginally lower in AB vs. TU at 23 dpf (t = —2.436, df = 53, p >=0.05),
and was significantly lower at 39 dpf (t = —3.031, df = 53, p < 0.05). The two strains were
not significantly (p > 0.05) different at the older age points examined (55 to 87 dpf).
Previously, using a Monte Carlo simulation run 10,000 times we estimated the average inter-
individual distance for 10-member shoals in arenas whose linear dimensions were 28 times
of the body length of the fish swimming in them [19] and found that in case of random
distribution the average inter-individual distance (i.e. the mean of the distances between a
focal fish and all the other shoal members) would be 14.6 body lengths. We compared each
strain at each age point to this value using one sample t-tests with Bonferroni correction and
found that fish of all ages except AB at 7 dpf (t = 0.033, df = 27, p > 0.95) were significantly
(Jt| > 5.408, df > 26, p < 0.05) below the value representing random chance.

The strain differences in shoaling performance might be due to differential development or
growth rates. If, for example, TU fish grew faster for some reason, their larger size would
allow them to move faster, which itself could influence the distance they may keep from
each other in the shoal. It is also possible that differential growth rate may directly influence
the maturation of shoaling. To investigate if growth differences exist between the strains we
measured the standard body length (from the tip of the nose to the base of the caudal fin) of
all fish tested in our behavioral paradigm. The results are shown on figure 3 and they
demonstrate apparently identical growth in the two strains. ANOVA confirmed this
observation and found Age to have a highly significant effect Age F(5, 265) = 1135.6, p <
0.001). But no significant Age x Strain interaction (F(5, 265) = 1.465, p > 0.20) or Strain
effects (F(1, 53) = 0.117, p > 0.70) were detected.

As the development of shoaling was previously found to be accompanied by changes in
levels of dopamine, serotonin and the metabolites of these neurotransmitters [21], and
because alcohol has been shown to affect both shoaling and these neurochemicals in
zebrafish [33], we compared the zebrafish strains AB and TU as to potential strain x age
dependent changes in dopamine, DOPAC (dopamine’s metabolite), serotonin and SHIAA
(serotonin’s metabolite), respectively. Figure 4 shows the results we obtained for dopamine.
The results suggest a robust and liner age-dependent increase in zebrafish of the AB strain
and a different trajectory (step wise change between age 40 and 70 dpf) in zebrafish of the
TU strain. These observations were confirmed by ANOVA, which revealed a significant
Age (F(3, 60) =97.708, p < 0.001) and Strain effect (F(1, 60) = 21.759, p < 0.001) as well as
a significant Age x Strain interaction (F(3, 60) = 2.595, p < 0.001). Subsequent post hoc
ANOVA with Tukey HSD test showed that in case of AB the age effect was indeed
significant (F(3, 30) = 103.073, p < 0.001) and that every age group significantly differed
from the other (p < 0.001). Although ANOVA also found a significant age-dependent
increase for TU (F(3, 30) = 24.857, p < 0.001), Tukey HSD demonstrated what is apparent
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on figure 3: 15 vs. 40 dpf and 70 vs. 102 dpf fish of the TU strain do not significantly (p >
0.05) differ but 15 and 40 are significantly (p < 0.001) different from 70 and 102 dpf fish.

A similar pattern of age x strain dependent changes was observed in the level of DOPAC
(figure 5). ANOVA found a significant Age effect (F(3, 60) = 24.166, p < 0.001) a
significant Strain effect (F(1, 60) = 9.469, p < 0.01) and a significant interaction between
these factors (F(3, 60) = 4.283, p < 0.01). Post hoc ANOVA conducted separately for the
AB strain also found Age to have a significant effect (F(3, 30) = 20.820, p < 0.001) and
Tukey HSD showed that all age group differences, except age groups 15 vs. 40 dpf and 70
vs. 102 dpf, were significant (p < 0.01). For TU, ANOVA also confirmed a significant Age
effect (F(3, 30) = 8.472, p < 0.001). Tukey HSD showed that 15 dpf TU fish significantly (p
< 0.05) differed from 70 dpf old fish, and 40 dpf fish significantly (p < 0.05) differed from
70 as well as from 102 dpf old, while other differences were found non-significant (p >
0.05).

HPLC analysis revealed a pattern of age-dependent change in serotonin different from what
we found for dopamine and DOPAC (figure 6). Serotonin showed an apparent inverted U-
shaped developmental trajectory with 70 dpf old fish having the highest level of this
neurotransmitter. ANOVA confirmed a significant Age effect (F(3, 60) = 69.631, p < 0.001)
and a significant Strain effect (F(1, 60) = 15.843, p < 0.01), but, in accordance with the
similar developmental trajectory seen for both strains (figure 6), found the Age x Strain
interaction non-significant (F(3, 60) = 1.670, p > 0.15). Subsequent Tukey HSD test showed
that 15 dpf fish were significantly (p < 0.05) different from all other age groups in both
strains, and that 70 dpf old fish were also significantly (p < 0.05) different from all other age
groups in both strains, while other differences were not significant (p > 0.05).

The metabolite of serotonin, 5HIAA showed a pattern of age dependent change similar to
that of serotonin’s, with the 70 dpf old fish exhibiting the highest level in both strains (figure
7). ANOVA confirmed a significant Age effect (F(3, 60) = 116.325, p < 0.001), Strain effect
(F(1, 60) = 13.942, p < 0.001) and unlike for serotonin, also found the Age x Strain
interaction significant (F(3, 60) = 3.206, p < 0.05). Subsequent, post hoc ANOVA
conducted separately for AB fish confirmed a significant Age effect for this strain (F(3, 30)
=59.160, p < 0.001) and the Tukey HSD test found age group 15 dpf to differ significantly
(p < 0.001) from all other age groups, while these older age groups were found not to differ
(p > 0.05) from each other. For TU the results were only slightly different. ANOVA found
the Age effect significant (F(3, 30) = 60.798, p < 0.001) and Tukey HSD showed the 15 dpf
fish to significantly (p < 0.05) differ from all other age groups but also detected a significant
(p < 0.05) difference between the 70 dpf old fish as compared to all other age groups, while
other age group differences were non-significant (p > 0.05).

DISCUSSION

The first unequivocal demonstration of maturation of shoaling in zebrafish was published
only recently [19]. Our current paper reaffirms this previous finding and now also adds the
new finding of significant strain dependent differences in the developmental trajectory of
shoaling. Similarly to what was described before, we found a robust reduction of inter-
individual distance among shoal members, i.e. age-dependent increase of shoal cohesion in
zebrafish. From 7 days post-fertilization (2 days after reaching the free swimming stage) to
87 days post-fertilization (sexually mature young adult) zebrafish reduced their inter-
individual distance within the studied ten-member shoals from about 14 body lengths to
about 6-7 body lengths. It is notable that the experimental procedures used in the previous
study [19] were identical to what we employed here (for example, there were 10 fish in each
shoal, the linear dimensions of the test tank were 28x the body length of the subject, water
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chemistry was the same) and the strain this prior study used (AB) was also the same as one
of the strains we measured here. Also notably, the similar findings were obtained despite the
different methods of quantification of shoaling behavior employed by the previous and the
current study [19]. The latter employed a manual tracking method and here we used a novel
automated tracking software application.

Strain differences in the development of shoaling have not been demonstrated before. Here
we provide evidence for such a strain difference. Although fish of both the AB and the TU
strains showed a robust reduction of inter-individual distance with age, significant strain
differences were detected at certain time points throughout the maturation of these fish. For
example, as found before [19], AB fish exhibited inter-individual distances statistically
indistinguishable from random chance at 7 dpf, whereas TU showed significantly shorter
distances even at this young age. Thus, it appears that TU strain zebrafish shoal as early as 7
dpf, but AB fish do not. It is also notable that the developmental trajectory of shoaling was
found steeper in AB as compared to TU. By the age of 23 dpf AB zebrafish started to form
tighter shoals compared to TU, a trend that became significant by the age of 39 dpf. Last,
after this age, i.e. by the age of 55 dpf, the two strains became indistinguishable and shoaled
similarly. Given that the experimental subjects from both strains were bred, raised and
maintained in an identical manner in the same vivarium room at the same time, and given
that all fish were measured in a randomized, blind and identical manner and at the same
time, we propose that the above differences observed in shoaling between these two distinct
strains are due to genetic factors.

What may be these genetic factors and what biochemical and developmental mechanisms
may underlie the observed behavioral differences are not known at this point. To start the
investigation of such potential mechanisms we quantified levels of neurohemicals dopamine,
DOPAC, serotonin and 5HIAA. One working hypothesis could be that as the brain matures
the levels of all, including the above, neurochemicals should rise. However, this is not what
we found. While the levels of dopamine and its metabolite, DOPAC, indeed increased with
age, serotonin and its metabolite, SHIAA, showed an inverted U-shaped age-trajectory with
fish of 70 dpf exhibiting the highest value. Even more importantly, we detected significant
strain differences in the neurochemical responses. Although fish of both the AB and TU
strains showed the characteristic inverted U-shaped age trajectory in the measured
serotoninergic neurochemicals, TU in general exhibited slightly (but significantly) smaller
values as compared to AB. The strain differences in the dopaminergic responses were more
robust and, most importantly, age-dependent. While AB showed a linear age-dependent
increase in both dopamine and DOPAC levels, TU had a step-wise trajectory, a robust
increase between 40 and 70 dpf but no significant change before or after this high-transition
period.

The behavioral and neurochemical results of this study are only correlative. Nevertheless,
one may hypothesize about potential causal relationships. For example, figure 2 shows that
the developmental trajectory of shoaling in TU is S-shaped, i.e. it appears that these fish
rapidly increased their shoaling tendency in between their ages 39 and 55 dpf, but the
change was slower before and after this period. Unlike TU, AB fish appears to exhibit a
more gradual and steady increase of shoaling tendency up to age 71 dpf. The rapid increase
of shoaling seen in TU coincides well with the step wise increase of dopamine and DOPAC
levels seen after 40 dpf. Also, the steady increase of shoaling seen in AB coincides well with
the linear age-dependent increase of dopamine and DOPAC obtained for this strain.
Granted, the demonstrated strain differences in the serotoninergic system may also influence
shoaling behavior. Furthermore, there may be other neurotransmitter systems and several
biochemical processes and neurobiological mechanisms underlying shoaling that may drive
or influence the observed behavioral differences between AB and TU. Nevertheless, our

Behav Brain Res. Author manuscript; available in PMC 2014 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mahabir et al.

Page 8

data are in line with recent results suggesting that the dopaminergic system plays important
roles in shoaling in zebrafish.

For example, a D1-R antagonist (SCH23390) has been shown to disrupt shoaling when
administered acutely to adult zebrafish [31], and images of moving zebrafish were found to
elicit significant increases in dopamine and DOPAC levels but not in serotonin or SHIAA
[34]. Also notably, the sight of conspecifics was shown to be rewarding in learning tasks
developed for zebrafish [41,42]. The dopaminergic system has long been known to be
involved in reward and, for example, increased dopaminergic neurotransmission is believed
to underlie the rewarding properties of drugs of abuse [43]. Alcohol is a drug of abuse
known to interact with a number of neurotransmitter systems and a large number of
biochemical processes in multiple vertebrate species. But it has also been shown to disrupt
both shoaling and influence the dopaminergic system in zebrafish [32]. When administered
acutely, this substance was found to increase dopamine and DOPAC levels in a linearly dose
dependent manner in AB zebrafish, and withdrawal from this substance after chronic
exposure was also found to elevate dopamine and DOPAC levels [32]. Perhaps even more
relevant to the current results are the studies that characterized developmental changes in
shoaling as well as neurochemical responses in zebrafish. For example, linear age-dependent
increase of shoaling in AB zebrafish was shown to be accompanied by a similarly linear
increase of dopamine and DOPAC levels [21]. But these same authors found a rapid
increase of the levels of serotonin and SHIAA between 45 to 50 dpf peaking around 70 dpf,
an age-dependent trajectory that correlated less well with the behavioral changes but was
very similar to what we are reporting in the current study for the same (AB) strain of
zebrafish. Also notably, another study [33] found that the effect of embryonic alcohol
treatment correlated well between the ensuing impairment in shoaling and reduced
dopamine and DOPAC levels but less so with the detected changes in the serotoninergic
system. Although the above findings do implicate the dopaminergic system in the
development of shoaling in zebrafish, we emphasize that the results do not prove a causal
link between these phenomena.

Our current findings may be utilized in a number of ways to investigate potential causal
relationships between the observed developmental changes in behavior and neurochemistry
of the zebrafish brain. The strain differences demonstrated here now make it possible for one
to conduct quantitative trait locus mapping. For example, one could generate an F2
segregating generation between the AB and TU strains and study linkage and segregation in
this population. This analysis could accomplish two goals. One, the investigator could
address whether the behavioral and neurochemical characteristics co-segregate with each
other. Two, he/she could identify genetic markers that co-segregate with the trait(s) in
question, which will facilitate the identification of genes that underlie the differences
between the strains in the studied behavioral and neurochemical characteristics. One can
also foresee a selection experiment that could be started from the F2 segregating generation.
An artificial selection study could develop highly divergent lines that exhibit robust
differences in the selected trait, for example, in the speed of maturation of shoaling, and
such lines would allow one to study correlated changes in neurochemical responses. More
direct manipulations targeting specific genes associated with particular neurotransmitter
systems during early development using morpholinos would also be feasible [44]. Mapping
of the neuroanatomical locale of gross or microstructural or gene expression level
differences between the strains throughout the maturation of shoaling will also be
informative. Clearly, a lot will have to be done before one will understand the mechanisms
of shoaling in general and the mechanisms underlying the differences between these two
strains in shoaling in particular. Nevertheless, our results now demonstrate that such studies
are feasible: we argue that the now discovered genetic differences in the development of
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shoaling in zebrafish open new avenues for the analysis of these mechanisms. This brings us
to the last point we wish to discuss: the potential translational relevance of these analyses.

Teleost fish and mammals are separated by at least 300 million years of biological evolution
[45] and thus one may argue that analysis of zebrafish cannot yield any insights into the
biology of our own species. However, the zebrafish has been proposed and proven to be an
excellent laboratory organism for the modeling and the analysis of the potential mechanisms
of a broad spectrum of human disorders from autism and schizophrenia through addiction to
eye and cardiovascular diseases, to mention but a few examples [7, 8, 11-13]. Why is this
s0? It is because especially at the nucleotide sequence level of DNA one finds significant
homologies between zebrafish and humans, and hundreds of zebrafish studies utilized this
for the identification of human and zebrafish orthologs. Furthermore, it is often found that
the homology extends beyond nucleotide sequences of the sister genes and reaches higher
levels of the biological organization biologists would consider “function”. Given that the
speed of discovery may be higher with the small and prolific zebrafish kept under the
controlled laboratory environment and studied with the help of sophisticated recombinant
DNA technologies [16, 46], we argue that this reductionist approach does have a place in
medically oriented research.

The biological mechanisms of social behavior in humans are far from understood and there
is a plethora of neuropsychiatric and neurodevelopmental CNS disorders that are associated
with, or whose core symptoms include, abnormal social behavior [47]. Autism spectrum
disorders and schizophrenia are but only two examples of such diseases [5, 6, 48]. Despite
their high prevalence, these latter diseases have been particularly difficult to treat because of
the lack of understanding of their mechanisms. Even diagnosis or identification of
individuals suffering from these CNS disorders has been difficult because at the clinical, i.e.
behavioral phenotypical, level these diseases manifest as a range with varying severity [49,
50]. It is too early to tell whether analysis of zebrafish social behavior will yield biomarkers,
alleles of genes and their protein products, which may be utilized as diagnostic markers
leading to earlier intervention for patients suffering from autism or schizophrenia, but we
hope that in addition to mechanistic insights, zebrafish research will increase our knowledge
in this direction too.
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Figure 1.

The experimental set up (panel A) and quantification of shoal cohesion (panel B). The
experimental tank was a square bottom tank whose length and width were 28 times the body
length of the experimental zebrafish. The ten zebrafish released into the tank for testing as
well as the overhang camera are indicated. Panel B illustrates the method of quantification
of inter-individual distance, a measure of shoal cohesion. The subjects are indicated by the
grey ovals. A single focal fish is considered and its distances from its shoal members are
indicated by the dotted lines. Note that in a ten member shoal nine distances are measured
for the given focal fish and the average of these distances are calculated giving this focal
fish a single inter-individual distance value. This procedure is conducted for all fish of the
shoal. For further details of methods and data analysis see Methods.
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Figure2.

Strain dependent reduction of inter-individual distance among shoal members as zebrafish
mature. Mean + S.E.M. are shown. Black squares represent strain TU and grey circles strain
AB. Note the quasi-linear decrease of inter-individual distance (strengthening of shoal
cohesion) in AB zebrafish from 7 to 71 days post-fertilization, and also note the inverted S-
shaped trajectory with the most rapid change between ages 39 and 55 days post-fertilization
in TU zebrafish. Last, note that inter-individual distance is expressed relative to body length
of the experimental subjects.
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Figure 3.

Growth rate does not significantly differ between the AB and TU strains. Mean + S.E.M. are
of the standard length of the fish shown. Black squares represent strain TU and grey circles
strain AB. Note the highly similar age dependent increase of body length of zebrafish in
both strains.
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102

Strain dependent increase of normalized dopamine levels in the brain as zebrafish mature.
Mean + S.E.M. are shown. The solid colored bars on the left represent the results obtained
for strain AB and the striped bars on the right the results obtained for strain TU. Note the
linear increase of relative dopamine levels in AB zebrafish and the step wise increase
between ages 40 and 70 days-post-fertilization in TU zebrafish. Last, note that dopamine
levels are expressed as relative to total brain protein weight.
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Figureb5.

Strain dependent increase of normalized DOPAC levels in the brain as zebrafish mature.
Mean + S.E.M. are shown. The solid colored bars on the left represent the results obtained
for strain AB and the striped bars on the right the results obtained for strain TU. Note the
quasi-linear increase of relative DOPAC levels in AB zebrafish and the step wise increase
between ages 40 and 70 days-post-fertilization in TU zebrafish. Last, note that DOPAC
levels are expressed as relative to total brain protein weight.
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Figure®6.

Age dependent changes of hormalized serotonin levels in the zebrafish brain. Mean +
S.E.M. are shown. The solid colored bars on the left represent the results obtained for strain
AB and the striped bars on the right the results obtained for strain TU. Note the-inverted U-
shaped developmental trajectory in both strains. Also note that although less apparent, AB
fish were found to exhibit significantly higher values compared to TU. Last, note that
serotonin levels are expressed as relative to total brain protein weight.
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Age dependent changes of normalized SHIAA levels in the zebrafish brain. Mean + S.E.M.
are shown. The solid colored bars on the left represent the results obtained for strain AB and
the striped bars on the right the results obtained for strain TU. Note the-inverted U-shaped
developmental trajectory in both strains. Also note that although less apparent, AB fish were
found to exhibit significantly higher values compared to TU. Last, note that SHIAA levels
are expressed as relative to total brain protein weight.
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