Deficiency of the ywhaz gene, involved in neurodevelopmental
disorders, alters brain activity and behaviour in zebrafish
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ABSTRACT

Genetic variants in YWHAZ contribute to psychiatric disorders such as autism spectrum disorder
and schizophrenia, and have been related to an impaired neurodevelopment in humans and
mice. Here, we have used zebrafish to investigate the mechanisms by which YWHAZ contributes
to neurodevelopmental disorders. We observed that ywhaz expression was pan-neuronal during
developmental stages and restricted to Purkinje cells in the adult cerebellum, cells that are
described to be reduced in number and size in autistic patients. We then performed whole-brain
imaging in wild-type and ywhaz CRISPR/Cas9 knockout (KO) larvae and found altered neuronal
activity and connectivity in the hindbrain. Adult ywhaz KO fish display decreased levels of
monoamines in the hindbrain and freeze when exposed to novel stimuli, a phenotype that can
be reversed with drugs that target monoamine neurotransmission. These findings suggest an
important role for ywhaz in establishing neuronal connectivity during development and

modulating both neurotransmission and behaviour in adults.

INTRODUCTION

The YWHAZ gene has been related to several psychiatric disorders in different human studies.
Genetic studies have associated YWHAZ polymorphisms with major depression and
schizophrenia [1, 2]. A protein-protein interaction analysis including all genes found mutated in
an exome sequencing study of autism spectrum disorder (ASD) in multiplex families reported
YWHAZ as the main node of the network [3], and a heterozygous frameshift mutation in the
YWHAZ gene, transmitted from a mother with depression to her two siblings diagnosed with
autism spectrum disorder (ASD) and attention deficit/hyperactivity disorder (ADHD), was found
to have functional implications [2]. Furthermore, decreased expression of the YWHAZ gene and
low levels of the corresponding 14-3-3C protein were reported in postmortem brains of patients
with neurodevelopmental disorders like ASD and schizophrenia [2, 4, 5], and 14-3-3 protein
levels are reduced in platelets and pineal glands of ASD patients [6, 7]. However, even though
evidence points to a contribution of YWHAZ to neurodevelopmental and psychiatric disorders,
the mechanisms underlying its contribution remain unclear and further studies need to be

performed to understand the role of YWHAZ in brain development and function.

YWHAZ is a member of the 14-3-3 gene family, coding for a highly conserved group of molecular
chaperones that play important roles in biological processes and neuronal development [8].
YWHAZ encodes 14-3-3C, a protein involved in neurogenesis and neuronal migration as shown

by morphological changes in the brain of 14-3-3 knockout mice [9-12]. These animals present



behavioural and cognitive alterations that have been related to psychiatric disorders like
schizophrenia [9, 12], including hyperactivity, impaired memory, lower anxiety and impaired

sensorimotor gating.

A homologue of YWHAZ is also found in zebrafish, a species that represents a powerful model
to study brain development and psychiatric disorders [13—15]. Zebrafish display well-defined
behaviours that can be translated to humans in some cases [13, 15] and, although
neurodevelopmental timings and brain organization differ between human and zebrafish,
comparative studies have mapped these differences and the information gained in zebrafish can
be transferred to other species [13, 16]. Importantly, zebrafish present high genetic homology
to humans, are easy to manipulate genetically and their small size and transparency during larval
stages make zebrafish ideal for in vivo imaging studies [13, 14]. Indeed, whole-brain imaging is
a recently developed technique [17, 18] that allows in vivo assessment of neuronal activity and
connectivity in zebrafish using light-sheet microscopy [19]. This novel approach, combined with
genetic engineering, represents an excellent tool to study the neural mechanisms of human

brain disorders in specific zebrafish models.

In this study, we aimed to understand the mechanisms by which YWHAZ contributes to the
development of psychiatric disorders. We explored the effect of loss of ywhaz function on neural
activity and connectivity during development, and in neurotransmission and behaviour during

adulthood.

MATERIAL AND METHODS

Further details about the procedures are described in the Supplementary methods.
Zebrafish strains, care and maintenance

Adult zebrafish and larvae (Danio rerio) were maintained at 28.5°C on a 14:10 light-dark cycle
following standard protocols. All experimental procedures were approved by a local Animal
Welfare and Ethical Review board (University of Leicester and Generalitat de Catalunya). AB
wild-type (WT), Tg(aldoca:gap43-Venus), Tg(olig2:egfp)***?, ywhaz”", albino Tg(elavI3:GCaMP6s)

and albino Tg(elavi3:GCaMP6s) ywhaz” zebrafish lines were used for the experiments.
Generation of ywhaz zebrafish knock out using CRISPR/Cas9

We used CRISPR/Cas9 to engineer a 7-bp frameshift deletion (380_387delCCTGGCA) within the
third exon of ywhaz that leads to a premature stop codon in the third exon of the unique ywhaz

isoform and generates an ORF that is 48% shorter than the normal one (Figure S1).



In situ hybridization (ISH) and immunohistochemistry (IHC)

A specific mRNA probe targeting ywhaz (NCBI Reference Sequence: NM_212757.2) was
prepared and ISH experiments were performed in larvae and dissected adult brains of AB wild-
type (WT), Tg(aldoca:gap43-Venus), Tg(olig2:egfp)"“*? and ywhaz”’" zebrafish strains. IHC was
performed in adult Tg(olig2:egfp)'**2, ywhaz"’- and Tg(aldoca:gap43-Venus)™?? brains.

Gene expression analysis using Real-Time quantitative PCR (RT-qPCR)

Total RNA was extracted from the whole brains of WT and ywhaz” adult zebrafish and RT-qPCR

was performed on 10 brains per genotype with three replicates.
Whole-brain imaging

Whole-brain imaging experiments were performed on 6 days-post-fertilization (dpf) albino
Tg(elavi3:GCaMP6s) and Tg(elavi3:GCaMP6s) ywhaz”~ zebrafish larvae. Recordings were
performed using a light sheet microscope, image segmentation and extraction of calcium signals
were performed following the Caiman MATLAB pipeline [20] and Netcal was used to analyse

activity and functional connectivity (www.itsnetcal.com) [21] (Figure 1).

High performance liquid chromatography (HPLC) analysis of monoamines and metabolites

Fish were decapitated and their brains were dissected and divided into four areas:
telencephalon (Tel), diencephalon (Dl), optic tectum (TeO) and hindbrain (Hb). HPLC analysis for
dopamine (DA), serotonin (5-HT), 3,4-dihydroxyphenylacetic acid (DOPAC), and 5-
hydroxyindoleacetic acid (5-HIAA) was carried out using HPLC with electrochemical detection

[22].
Behavioural tests

A battery of behavioural tests was performed in three batches of adult zebrafish (3-5 months-
old) mixed groups of both sexes. Two tests to assess social behaviour were also performed on
juvenile (one month-old) zebrafish. All fish were genotyped, sized-matched and maintained in
groups by genotype until the day of testing. A battery of behavioural tests was also performed
in a batch of sex-differentiated adult zebrafish. Most of the measures were performed
automatically with a tracking system, and when any measure was manually quantified, we used
a blinding system so that the experimenter did not know the genotype of the fish that was being

analysed.

Drug treatments


http://www.itsnetcal.com/

Fluoxetine 5 mg/L diluted in DMSO (Tocris #0927) was administered by immersion for 2 hours.

Quinpirole 0.25-4 mg/L diluted in H,O (Tocris #1061) was administered by immersion for 1 hour.
Statistical methods

Statistical analysis of RT-gPCR, HPLC and behavioural data were performed with GraphPad Prism
8. The data sets were assessed for normality using D’Agostino-Pearson and Shaphiro-Wilk
normality test. Either a Mann-Whitney or an unpaired t-test with or without Welch’s correction
was performed to compare two groups, and a Kruskal-Wallis test was used to compare between
multiple groups. Statistical analysis of the visually-mediated social preference test was
performed by a two-way ANOVA (no repeated measures) with Tukey or Sidak post-hoc test.
Statistical analysis of neuronal activity and functional connectivity consisted of unpaired t-test
between genotypes for each area. When necessary, Holm-Sidak or Dunn corrections were

performed for multiple comparisons.

RESULTS

ywhaz expression is pan-neuronal during development and restricted to the cerebellum in

adults

We first performed a phylogenetic analysis and confirmed that the zebrafish ywhaz gene is the
orthologue of the human YWHAZ gene, as ywhaz is the 14-3-3 zebrafish protein most closely
related to the human YWHAZ protein (Figure S2). We first-then investigated ywhaz gene
expression in the developing brain using in situ hybridization (ISH). In three to nine days post-
fertilization (dpf) WT larvae, ywhaz expression is widespread covering almost all brain areas,
with a particularly strong signal in the cerebellum of whole mount embryos (Figure 2A). In
contrast, in adult zebrafish ywhaz expression is restricted to the cerebellum. ywhaz RNA is
present in the granule cell layer (GCL) of the valvula cerebelli (Va) and crista cerebellaris (CCe),

in an area that appears to be the Purkinje cell layer (PCL) (Figure 2B).

We next combined ywhaz ISH with an anti-GFP antibody stain on adult brain sections of
Tg(aldoca:gap43-Venus) [23] and Tg(olig2:egfp)'1? [24] transgenic lines, to confirm that ywhaz
is only expressed Purkinje cells, inhibitory neurons in the PCL. We found that ywhaz ISH staining
overlaps GFP in the Tg(aldoca:gap43-Venus) line but not in the Tg(olig2:egfp)’**? line, meaning
that at adult stages ywhaz is expressed within Purkinje cells and not within eurydendroid cells,
excitatory neurons that are situated ventrally to Purkinje cells [25] atadultstages (Figure 2C and
D) [23, 24].



ywhaz deficiency alters spontaneous neuronal activity and functional connectivity in the

hindbrain of larvae

The pan-neuronal expression pattern of ywhaz suggests that it may play a role during neural
development. We generated a knockout line in zebrafish by using CRISPR/Cas9 genome
engineering [26] and confirmed the lack of ywhaz expression by ISH and RT-qPCR (see Figures
S2 and S3 and supplementary methods for details). We then performed whole-brain imaging in
vivo at 6 dpf to investigate changes in neural circuit function and connectivity between the WT

and ywhaz'- genotypes (see Figure 1 for methodological details and Supplementary Videos 1-3).

We found an increased number of active neurons in medulla oblongata (MO) of ywhaz" fish (p
= 0.046), which represents a higher fraction of total active neurons (p = 0.005) (Figure 3A). This
relative increase of active neurons in the MO correlates with a significant decrease in active
cerebellar neurons in ywhaz’" fish (p = 0.018, Figure 3A). In thalamus and tegmentum, the low
number of active neurons that we could detect prevented us from properly assessing activity

and connectivity in these areas (Figure S4A).

Single-cell activity analysis (Figure S4B) showed that a lower fraction of total spikes was
contained within single-cell bursts in the MO of ywhaz”" fish (p = 0.039, Figure 3B). In addition,
population-level analysis (Figure S5) showed that a lower fraction of neurons participated in
large-scale bursts (defined as large increases in activity within an area) in the MO of ywhaz”* fish
(p = 0.016), and the average increase in activity during these bursts was also lower in MO and
tectum in ywhaz”~ fish (p = 0.006 for MO and p = 0.043 for tectum) (Figure 3C). Finally, principal
component analysis showed that for any target variance explained, ywhaz’ always required a
larger number of components, suggesting less coherence in the activity modes of ywhaz” in the

MO (p = 0.005, Figure 3D). This effect was not found in other areas (Figure S6A).

We then explored possible alterations in functional connectivity inside each of the defined areas
(Figure S6B). We found a higher clustering coefficient (relative number of loops in a network) (p
= 0.022) and a higher global efficiency (a measure of how easy it is for activity to move
throughout a network) (p = 0.044) in cerebellum of ywhaz”" fish (Figure 3E). Also, we observed
a higher assortativity (the correlation of the number of connections between connected neurons
in a network) (p =0.001) and a higher Louvain community statistic (a measure of how segregated
the communities of a network are) in MO of ywhaz” fish (p = 0.010) (Figure 3E). Finally, analyses
of connectivity distribution showed that in the MO of WT fish there is a subpopulation of highly
connected neurons that is not present in the MO of ywhaz”* fish (Figure 3F), but no differences

were found in cerebellum and tectum (Figure S6B). These highly connected neurons in the MO
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of WT fish are likely to be responsible for connecting communities within a network together,
resulting in a more coherent pattern of collective activity in WT fish, and their absence in ywhaz

/- fish would lead to an impairment of MO activity.

Altogether, these results show that in ywhaz”" fish cerebellar neurons represent a lower fraction
of total brain neurons but present a higher clustering and more effective connectivity. Also, the
presence of more isolated neuronal communities in the MO of ywhaz”~ fish would generate a
lower collective burst activity and synchrony in this area and would lead to an impaired MO

activity.
ywhaz deficiency alters monoamine levels in adult hindbrain

Spontaneous synchronized neuronal communication plays an important role during early
development in establishing the mature brain circuitry [27-30]. We therefore hypothesized that
the alterations in neuronal spontaneous activity found in ywhaz”" larvae may affect neuronal
migration and wiring and have a long-term impact in neurotransmission in adults. We performed
high performance liquid chromatography (HPLC) to measure the basal levels of several
neurotransmitters and metabolites: 3,4-dihydroxyphenylacetic acid (DOPAC), dopamine (DA), 5-
hydroxyindoleacetic acid (SHIAA) and serotonin (5-HT), in the brain of ywhaz’ and WT adult
fish. We found a significant reduction of DA and 5-HT levels in the hindbrain of ywhaz”" (p =
0.006 and p = 0.003 respectively, Figure 4A). No further alterations were found in other areas of

the brain (Figure S7A-C) nor in the breakdown of 5-HT to 5HIAA, or DA to DOPAC (Figure S7D-E).

Loss of ywhaz function alters the expression of genes involved in the dopaminergic and

serotonergic pathways

The reduced levels of DA and 5-HT in mutants suggests that ywhaz may influence the synthesis
of these neurotransmitters. Tyrosine hydroxylase (TH) and Tryptophan hydroxylase (TPH), rate-
limiting enzymes in the biosynthesis of DA and 5-HT, respectively, are known to be regulated by
14-3-3 proteins [31]. We therefore first quantified the expression of genes coding for the DA and
5-HT synthesis enzymes TH and TPH in adult fish. There was an increase in tryptophan
hydroxylase 2 (tph2) and tyrosine hydroxylase 1 (th1) expression in ywhaz”’- compared to WT,
although differences in th1 did not overcome testing for multiple corrections. tphla, tphlb and
th2 showed all a low expression in both genotypes (Figure 4B). We further examined the
transcription of genes coding for proteins involved in the dopaminergic neurotransmitter
pathway: the dopamine transporter solute carrier family 6 member 3 (slc6a3), dopamine

receptor 1 (drd1), dopamine receptor 2a (drd2a), dopamine receptor 2b (drd2b) and dopamine



receptor 4 (drd4). The expression of the two isoforms drd2a and drd2b was significantly

increased in ywhaz’- compared to WT (Figure 4C).
Monoaminergic drugs reverse ywhaz’" freeze in response to novelty

We performed a battery of behavioural tests in adult WT and ywhaz”" mutants to characterize
possible alterations in behaviour due to ywhaz deficiency (Figure S8). We only found differences
between genotypes in the visually-mediated social preference (VMSP) test, used to assess social
behaviour. During the social preference step, both genotypes spent most of the time swimming
close to the first group of strangers (p < 0.0001 for both WT and ywhaz’; Figure S8D). However,
during the preference for social novelty step, WT switched preference to the second group of
unfamiliar fish (p = 0.048, Figure S8D) whereas ywhaz’" fish did not show any preference (p =
0.98, Figure S8D). Instead, we found that immediately after the addition of the second group of
unfamiliar fish, ywhaz’- mutants froze significantly more than WT (p = 0.004; Figure 5A). We
repeated the test by adding marbles instead of the second group of unfamiliar fish and observed
the same freezing behaviour in response to novelty in ywhaz’- mutants (p = 0.025, Figure 5B).
Contrary to adults, juvenile ywhaz” fish did not show altered social behaviour: they did not show
any increase in freezing behaviour in the VMSP test (p > 0.99, Figure S8F), nor an altered cluster

score in the shoaling test for social interaction in a group (Figure S8G).

HPLC and gPCR results suggested that alterations in 5-HT and DA signalling may underlie the
behavioural phenotype of ywhaz”". We therefore used fluoxetine, a selective serotonin reuptake
inhibitor (SSRI) [32], and quinpirole, a selective D2-like receptor agonist [33] to investigate the
connection between 5-HT, DA, and the behavioural phenotype observed in ywhaz” in the VMSP
test. Treatment with 5 mg/L fluoxetine and treatment with 0.25 mg/L quinpirole significantly
decreased the time ywhaz'" spent freezing after the addition of the second group of unfamiliar
fish (p = 0.006 and p= 0.047, respectively, Figure 5C and D) without affecting WT behaviour.
However, a higher concentration of quinpirole, 1 or 4 mg/L, did not reverse the freezing

behaviour (p > 0.99 for both concentrations, Figure 5D).

Several behavioural tests were repeated in a second group of adult fish and increased freezing
behaviour was observed in ywhaz”" fish in all the tests performed (Figure S9A). Additionally, a
third batch of behavioural tests was performed in a different setup, but strong differences in the
WT behaviour of this batch, probably due to environmental effects, prevented us from

comparing the results obtained in this batch with the previous batches (Figure S9B).



We also investigated the influence of sex on locomotion and social behaviour separating the fish
by sex (Figures $10 and S11). We observed differences between WT and ywhaz’- females in
social behaviour, as WT females present a lower nearest neighbour distance (NND) and
interindividual distance (lID) in the shoaling test (Figure S10) and spend more time close to the
1%t strangers in the social preference step of the VMSP test than ywhaz”- females (Figure S11).
No differences were observed between WT and ywhaz’ males, and between ywhaz”’ males and
females. However, differences were observed in shoaling behaviour between WT males and WT
females: WT females swim shorter distances, display a lower speed and stay closer to the other

members of the shoal compared to males (Figure S10).

DISCUSSION

Functional and genetic studies had previously suggested a role for the YWHAZ gene in
neurodevelopmental disorders such as ASD or schizophrenia [2, 3, 9, 12]. In this study, we have
used zebrafish to investigate ywhaz function in neural development and behaviour, showing
that in vivo whole-brain imaging is a powerful tool to understand the mechanisms involved in
brain disorders. We found that ywhaz deficiency resulted in an altered hindbrain connectivity
during larval stages and a neurotransmitter imbalance during adulthood leading to freezing in

response to novelty.

We observed a pan-neuronal expression of ywhaz in larval stages, which suggests that ywhaz
may be involved in a wide range of functions during zebrafish neurodevelopment. The important
function of Ywhaz in neurogenesis and neuronal differentiation was previously demonstrated in
mice KO models [8-12], and disrupted neurogenesis is a known risk factor for
neurodevelopmental disorders [34]. Although expressed pan-neuronally, ywhaz presents a
stronger expression in larvae cerebellum, a brain region whose dysfunction has been related to
neurodevelopmental disorders [35, 36]. Interestingly, decreased YWHAZ expression was
reported in the cerebellum of ASD patients [2]. In adult zebrafish, ywhaz is specifically expressed
in Purkinje cells (PC) in the cerebellum. Postmortem studies have shown a reduction in PC
number, size and density in the brain of autistic patients [37—40], and Tsc1 mutant mice with a
decrease in PC functioning show autistic-like behaviours [41]. ywhaz is therefore expressed in
brain regions that play a crucial role in neurodevelopment and whose dysfunction is related to

neurodevelopmental disorders.

Spontaneous bursting activity during development is essential for the correct assembly of neural

circuits [27, 42]. This activity has been shown to control apoptosis and future connectivity in the
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developing cortex of mice [43], and in the larval zebrafish optic tectum it is involved in the
processing of sensory information [28]. In addition, resting state magnetic resonance studies
have revealed an altered spontaneous functional connectivity in patients diagnosed with ASD or
schizophrenia [44-48]. Here, ywhaz’ larvae present decreased burst activity and
synchronization in the hindbrain, the region where ywhaz showed a higher expression in WT
animals. These results together with the observed decreased levels of DA and 5-HT in the
hindbrain of ywhaz”" adults point to long-term alterations in brain function. These findings
suggest that ywhaz is involved in establishing brain connectivity during development and that
this impaired connectivity may contribute to the subsequent neurotransmitter imbalance found

in adults.

Among all 14-3-3 isoforms, YWHAZ plays the most important role in DA synthesis [49]. YWHAZ
is known to regulate the function of TH and TPH, rate-limiting enzymes in the biosynthesis of DA
and 5-HT [31]. In previous work, we demonstrated that a disrupting mutation in YWHAZ
produces a loss of affinity of the protein for TH [2]. Therefore, ywhaz deficiency may contribute
to a decrease in TH activity and a subsequent reduction in DA levels. These results are in line
with the alterations in the DA system previously reported in patients with neurodevelopmental
disorders such as ASD, ADHD or schizophrenia [50-52]. The increased drd2a and drd2b levels
we reported in ywhaz mutants may be due to compensatory mechanisms to overcome DA
depletion. Interestingly, schizophrenia patients have a higher density of DRD2 receptors and all
antipsychotic drugs used today are DRD2 antagonists [53, 54]. In addition, upregulation of tph2
may be a mechanism to compensate for the depletion of 5-HT we found in the hindbrain of
ywhaz' adults. In line with these results, altered levels of 5-HT have been reported in ASD and
schizophrenia patients [55, 56]. Finally, we analysed the expression levels of ywhae in adult
ywhaz’ brains, another member of the 14-3-3 gene family that forms hetorodimers with ywhaz.
Although the differences are not significant and a further study is needed, we hypothesize that

upregulation of other 14-3-3 proteins may compensate for some aspects of ywhaz depletion.

Treatment with fluoxetine, a serotonin reuptake inhibitor, and quinpirole, a selective DRD2-like
receptor agonist, was able to rescue the abnormal neophobic freezing behaviour observed in
ywhaz mutants. Similarly, in a previous study, behavioural alterations were rescued in Ywhaz'"
mice using the antipsychotic drug clozapine, an antagonist of DA and 5-HT receptors used as a
medication for schizophrenia [57]. In addition, several studies have shown a significant decrease
in the frequency and intensity of restrictive and repetitive behaviours in ASD patients treated
with fluoxetine. However, other autistic symptoms were not significantly improved by fluoxetine

treatments (reviewed in [58]). 5-HT and DA are involved in sensory processing and social
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cognition [59, 60], and DA plays an important role in social reward [61]. Given the function of 5-
HT and DA in behaviour, we hypothesize that the alterations to 5-HT and DA signalling in mutant

fish are responsible for the exaggerated response to novel stimuli present in ywhaz”- adults.

Several sex differences were found in social behaviour when exploring behaviour in females and
males separately. WT females show a lower locomotor activity and swim closer to each other in
the shoaling test compared to WT males. In addition, alterations of social behaviour due to the
ywhaz'" genotype were only reported in the case of females. These results are in line with sex-
related differences reported in neurodevelopmental and psychiatric disorders in humans [62]
and highlight the importance of taking sex into account when investigating psychiatric
conditions. However, further research is still needed to better understand the underlying

genetic and hormonal influences of these sex-related behavioural differences.

Certain strengths and limitations of this study should be discussed. First, whole-brain imaging
experiments were performed in 6 dpf larvae whereas neurotransmitter levels and behaviour
were investigated in adult fish due to the impossibility of performing all these experiments at
the same age. Even though this constitutes a limitation, it brings useful complementary
information to analyse the effect of ywhaz deficiency at different levels and ages. In addition,
our whole-brain imaging setup did not permit us to analyse neuronal activity in ventral
telencephalic and diencephalic brain regions like the ventral thalamus and hypothalamus, where
important DA and 5-HT nuclei are located. Finally, the differences observed in the behavioural
phenotype between batches of experiments may be due to environmental differences (between
setups) and to (epi)genetic changes between fish generations. Indeed, a previous study reported
differences between Ywhaz’- mice with a different genetic background [9], and it is well
described that environment plays an important role in the onset or phenotypical expression of

psychiatric and neurodevelopmental disorders.

In conclusion, our findings highlight the important role of YWHAZ in neurodevelopment and
shed light on the neurobiological mechanisms underlying its contribution to
neurodevelopmental disorders. In addition, this work highlights the use of whole-brain imaging
techniques as a promising approach for the study of neurodevelopmental disorders as it
provides valuable and precise information about the mechanisms underlying the observed
phenotype. Finally, pharmacological rescue of altered behaviour of ywhaz” fish provide some
clues for the use of specific treatments to revert the associated symptomatology in

neuropsychiatric disorders such as ASD or schizophrenia.
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FIGURE LEGENDS

Figure 1. Whole-brain imaging methods. (A) Steps followed to perform the whole-brain imaging
recordings in 6 days post-fertilization (dpf) larvae expressing GCaMP6s pan-neuronally. First,
multiple crossings were performed between the Tg(elavi3:GCaMP6s) and ywhaz’- mutant lines
in order to obtain ywhaz-deficient albino larvae expressing GCaMP6s pan-neuronally. Then,
Tg(elavi3:GCaMP6s) ywhaz! and Tg(elavi3:GCaMP6s) ywhaz’* 6 dpf larvae were paralysed with
a-bungarotoxine and placed in a plastic tube to perform the whole-brain imaging recordings
with a light-sheet microscope. (B) Steps followed in the single-cell fluorescence traces
extraction. First, a mask was applied to each single plane to avoid detection of fluorescence
outside the brain. Then, single-cell fluorescence traces were extracted for all the neurons
detected in each single plane and combined to obtain neuronal activity from the whole-brain of
each individual during the 20 min recording. Finally, brain regions were manually defined in
order to analyse them separately. On the right, plots of all the neurons detected in each brain
area of one individual. In a first approach, we divided the three largest regions (Ce, OT, and MO)
by hemispheres and obtained no differences in the number of neurons or activity between
hemispheres. Ce, cerebellum; MO, medulla oblongata; OT, optic tectum; ROI, region of interest;
Te, tegmentum; Th, thalamus. (C) Three levels of analysis were performed in each of the five

defined brain areas: single-cell activity, collective burst activity, and functional connectivity.

Figure 2. ywhaz mRNA is widely expressed during zebrafish development but restricted to the
Purkinje cells in the cerebellum in adults. (A) In situ hybridization (ISH) using a ywhaz RNA probe
(purple) of 3-9 days post-fertilization (dpf) WT zebrafish embryos shows that ywhaz expression
is widespread covering almost all brain areas, with a strongest signal in cerebellum. On the left,
a whole-mount of a 3 dpf embryo. On the right, coronal sections of 3, 6 and 9 dpf embryos,
including the MO and CeP brain areas. (B) Coronal and sagittal sections of WT adult brains after
ISH with a ywhaz RNA probe (purple) shows that in WT adult brains, ywhaz expression is
restricted to the granule cell layer in the cerebellum. (C) Co-staining of the adult
Tg(aldoca:gap43-Venus) cerebellum with a ywhaz riboprobe (purple) by ISH and anti-GFP
antibody (brown) by immunohistochemistry (IHC) on a sagittal section. The overlap between the
two staining (black arrows) indicates that ywhaz is localised within Purkinje cells. (D) Co-staining

of the adult Tg(olig2:egfp)*'*? cerebellum with a ywhaz riboprobe (purple) by ISH and anti-GFP
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antibody (brown) by IHC on a sagittal section. The absence of overlap between the two stains
shows that ywhaz mRNA is not localized in eurydendroid cells. CCe, corpus cerebelli; CeP,
cerebellar plate; LCa, lobus caudalis cerebelli; MO, medulla oblongata; Val, lateral valvula

cerebelli; Vam, medial valvula cerebelli.

Figure 3. Decreased coherence in neuronal activity and decreased connectivity in the
hindbrain of zebrafish ywhaz’" larvae. (A) Number of active neurons and fraction of total active
neurons detected in each brain area. (B) Fraction of total spikes participating in single-cell bursts
in each brain area. (C) Fraction of total cells participating in collective bursts and burst amplitude
in each brain area. Burst amplitude is measured as the increase of spikes (events) per second
compared to basal spike activity. (D) Principal component analysis of the neuronal activity in the
medulla oblongata (MO). (E) Normalized clustering coefficient, global efficiency, assortativity
and Louvain community statistic in each brain area. (F) Connectivity distribution in the medulla
oblongata (MO) of WT and ywhaz”" larvae. A subpopulation of highly connected neurons exists
in the MO of WT larvae that is absent in ywhaz”’ larvae. For A, B, C and E datasets: unpaired t-
tests without Welch’s correction. Each single point represents an individual, the central line
represents the mean, the coloured darker shadow represents the 95% confidence interval and
the lighter shadow the standard deviation (SD). For D and F: the central line represents the mean
and the coloured shadow represents the 95% confidence interval. WT, wild-type larvae. n= 10

WT and 9 ywhaz”". * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 4. Alterations in the monoamine neurotransmission in the hindbrain of adult KO. (A)
High performance liquid chromatography in the hindbrain of WT and ywhaz’ adult zebrafish.
DA and 5-HT levels are decreased in the hindbrain of ywhaz’- compared to WT. DA, dopamine;
DOPAC, 3,4-dihydroxyphenylacetic acid; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-
hydroxytryptamine. n = 7 WT, n = 7 ywhaz’". (B) Relative expression profile of tyrosine
hydroxylase 1 (th1), tyrosine hydroxylase 2 (th2), tryptophan hydroxylase 1a (tphla), tryptophan
hydroxylase 1b (tph1b) and tryptophan hydroxylase 2 (tph2), normalised to the reference gene
ribosomal protein L13 (rpl13). ywhaz’ fish have an increased level of tph2 expression. n = 10
WT, n = 10 ywhaz’". (C) Relative expression profile of the neurotransmitter transporter solute
carrier family 6 member 3 (slc6a3) and dopamine receptors dopamine receptor 1 (drd1),
dopamine receptor 2a (drd2a), dopamine receptor 2b (drd2b) and dopamine receptor 4 (drd4),
normalised to the reference gene elongation factor 1a (elfla). ywhaz’- have an increased level

of drd2a and drd2b expression. n = 10 WT, n = 10 ywhaz™. For all analyes: unpaired t-tests with
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Welch’s correction and with Holm-Sidak correction for multiple comparisons. * p < 0.05. In all

analyses plotted: mean + SD.

Figure 5. Treatment with fluoxetine and quinpirole reverses the freezing behaviour observed
in ywhaz’- mutants. (A and B) Time spent freezing during the first two minutes after the addition
of the second group of strangers (A) or marbles (B) in the behavioural setup during the second
step of the visually mediated social preference test. Strangers: Unpaired t-test with Welch's
correction; n = 12/genotype. Marbles: Mann-Whitney U test; n = 10/genotype. (C and D)
Treatment with 5 mg/L fluoxetine and 0.25 mg/L quinpirole rescues the freezing phenotype in
ywhaz?’. (C) Time spent freezing after the addition of the second group of unfamiliar fish in the
tank with WT or ywhaz’ fish treated with 5 mg/L fluoxetine or DMSO. Unpaired t-tests with
Welch’s correction and with Holm-Sidak correction for multiple comparisons. n =5 WT, n =8
ywhaz”’. (D) Time spent freezing after the addition of the second group of unfamiliar fish in the
tank with WT or ywhaz'"fish treated with different concentrations of quinpirole. Kruskal-Wallis
test with Dunn's multiple comparisons. n = 5 WT and n = 10 ywhaz’" for Ctrl, 0.25 mg/L and 1

mg/L; and n = 5 ywhaz' for 4 mg/L. * p < 0.05, ** p < 0.01. In all analyses plotted: mean * SD.
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