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Chapter 1. General introduction

1.1 Tuberous Sclerosis Complex

Tuberous Sclerosis Complex (TSC) is a multisystem genetic disorder with prominent neurological
manifestations, and a prevalence estimated at between 1:6 000 and 1:10 000 live births. Beyond the
brain, it also commonly affects skin, kidneys, heart, lungs and eyes (Northrup et al., 2024). In
particular, lung or kidney dysfunctions are the leading cause of a shortened life span of TSC
patients (Caban et al., 2016). While age of diagnosis can vary greatly, the majority of TSC patients
are identified in their infancy or childhood, due to outwardly visible early onset symptoms such as
skin lesions and epileptic seizures, or are diagnosed prenatally based on the presence of benign
tumors of the heart, cardiac rhabdomyoma (Kingswood et al., 2017; Northrup et al., 2024).

TSC is caused by an inactivating mutations in either the 7SC/ or TSC2 gene, encoding the proteins
Hamartin and Tuberin respectively (Crino et al., 2006). It is inherited in an autosomal dominant
manner; however, familial inheritance accounts for approximately one third of cases, while the
remaining two thirds are born with de novo mutations (Rosengren et al., 2020). According to the
Leiden Open Variation Database (version 3), 984 unique pathogenic or likely pathogenic variants in
TSCI and 2832 in TSC2 have been reported up to date (Fokkema et al., 2021). For 7SCI, small
indels make up over half of pathogenic variants, and recurring regions of exons 4-9, 15 and 18 are
the most critical for Hamartin function and stability. For 7SC2, small indels are still common (38%
variants), but pathogenic missense variants occur more frequently than in 7SC/ (approx. 26%
variants), and are frequently located within the C-terminal domain encoding region (Man et al.,
2024). Moreover, 10-15% of TSC patients are diagnosed based on clinical criteria, but have had no
mutations identified (NMI) (Man et al., 2024). While this could point to a third, unknown TSC
gene, most studies do not support this hypothesis, as mutations in other components of the mTOR
pathway are not associated with the TSC phenotype (Man et al., 2024). A case study has been
published of a child presenting with some TSC-associated symptoms, who had a pathogenic
somatic variant in RHEB, but not in 7SCI or TSC2 (Lee et al., 2023). Still, their symptoms could
potentially be attributed to an undetected mutation in a deep intronic region of 7SCI or TSC2, as
has been previously the case in some TSC patients with NMI who have been re-genotyped with
newer sequencing techniques (West et al., 2023). In the majority of TSC individuals with NMI by
initial screening, however, mosaicism in either somatic or germline cells has been identified
(Tyburczy et al., 2015).

Based on patient data, 7SC2 mutations are generally associated with more severe phenotypes
(Salussolia et al., 2019). Expectedly, mutations in regions coding for more functionally critical
protein domains also result in greater disease severity. Conversely, TSC patients with NMI,
including those later re-diagnosed with mosaic or deep intronic variants, tend to present with milder
symptoms (Man et al., 2024). Additionally, the variability in symptom severity between TSC
patients can be partly explained by the two-hit hypothesis, where a pathogenic variant is inherited in
one allele, and the second allele becomes affected by a somatic mutation. Such double hit variants
have been identified in multiple patient samples (Man et al., 2024).

The TSC proteins are widely expressed across cell types and tissues. Commonly, the brain, heart,
lungs, eyes, and kidneys are affected with tumors known as hamartomas (Orlova & Crino, 2010).
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Hamartomas are benign, but they negatively affect organ development and function through
structural disruptions, compression of surrounding tissues and displacement of cells. Hamartomas
include subependymal nodules (SENs) and subependymal giant cell astrocytomas (SEGAs). SENs
are small lesions lining the lateral and third ventricles of the brain (Crino et al., 2006; Salussolia et
al., 2019). SEGAs are glial tumors which in some patients may lead to hydrocephalus, increased
intracranial pressure, and death (Caban et al., 2016). Another type of brain tumor found in TSC
patients are cortical tubers, a feature similar to type IIb focal cortical dysplasia (House et al., 2015).
Cortical tubers have been linked to other neurological manifestations of TSC, such as epilepsy or
intellectual disability (Jansen et al., 2008). However, some studies suggest that the tuber burden is
not necessarily a sole cause of epileptic seizures, and that dysregulated mTOR activity in itself,
present also in perituberal tissue, might lead to epileptogenesis (Ruppe et al., 2014). Broadly, the
types and onset of seizures also vary greatly between TSC patients. They can present with focal,
generalized or mixed seizures, and over 80% of TSC patients experience at least one seizure
episode in their life. Approximately 37% of patients have infantile spasms, and in general, seizures
usually begin in early childhood (within the first year of age), but some patients might not develop
epilepsy until adolescence, or even early adulthood (Salussolia et al., 2019). Early onset epilepsy, in
turn, has been linked to cognitive deficits, with TSC patients who experienced infantile spasms
performing worse in tests of cognitive function and fine motor skills. Additionally, the timing and
frequency of seizures in later periods of childhood development were correlated with Autism
spectrum disorders (ASD)-associated behaviors, with the age of onset having a particularly
significant impact on developmental outcomes (Capal et al., 2017). However, the pathogenesis,
severity and variability of developmental disorders present in TSC patients are a complex issue, and
cannot be reduced to a simple, direct relationship between the tumor or seizure burden, and the
observed cognitive, behavioral or psychiatric disorders.

1.2 TSC-associated neuropsychiatric disorders

A range of neurodevelopmental, behavioral and psychiatric conditions, collectively termed
TSC-associated neuropsychiatric disorders (TANDs), occurs in approximately 90% of TSC patients
(Henske et al., 2016). They can co-occur with any TSC mutation, but are more frequent in 7SC2
variants (Curatolo et al, 2015; Numis et al., 2011). The classification of TANDs encompasses a
wide umbrella of symptoms (Curatolo et al., 2015b; de Vries et al., 2015). ASD and attention deficit
hyperactivity disorder (ADHD) are each diagnosed in around 40% of TSC patients. About 50% of
TSC patients present with varying levels of intellectual disability (ID), and even among those with
no ID, learning disorders, attention deficits and memory deficits have been reported, impacting their
academic capabilities. Anxiety and mood disorders are also often found in individuals with TSC
(Curatolo et al., 2015b).
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Figure 1. Chart representing examples of neuropsychiatric disorders and symptoms most
commonly associated with TSC (based on Curatolo et al., 2015b).

According to the international Tuberous Sclerosis Registry to Increase Disease Awareness
(TOSCA) report, TANDs such as ID, ASD and ADHD tend to be diagnosed later (around 7-8 years
of age on average) than the same disorders in children without TSC (around 3-4 years of age)
(Kingswood et al., 2017). Additionally, while the aforementioned conditions are frequently
associated with TSC, mood disorders such as anxiety or depression might be underdiagnosed (de
Vries et al., 2018).

1.3 Mechanisms underlying TSC

TSC is considered representative to a group of diseases termed mTORopathies, i.e., stemming from
the hyperactivation of mammalian/mechanistic target of rapamycin (mTOR) signaling (Man et al.,
2024). The mTOR protein forms two distinct complexes, mTORC]1, comprised of proteins mTOR,
mLST8, PRAS40, Ttil, Tel2, Deptor and Raptor, and mTORC2, comprised of mTOR, mLST8,
mSinl, Protor, Ttil, Tel2, Deptor and Rictor. mTORCI is regulated by many intra- and extracellular
factors, such as cellular stress, nutrient availability, hormones, trophic factors, amino acids, cell
adhesion molecules, and, in the CNS, neurotransmitters. In response, it regulates multiple cellular
processes, including cell cycle, proliferation and growth, as well as protein synthesis and
translation, lipid synthesis, and autophagy (Salussolia et al., 2019; Switon et al., 2017). In the brain,
dysregulated mTORCI activation can disrupt key developmental processes such as axon genesis,
guidance and specification, dendritogenesis and dendritic spine formation; mTORCI is also
involved in the processes of neuronal and synaptic plasticity, learning and memory (Switon et al.,
2017). mTORC?2 is activated by growth factors and hormones acting through phosphoinositide
3-kinase (PI3K), neurotrophins, and is involved in cell cycle progression, cellular metabolism, actin
cytoskeleton remodeling, protein degradation, and maintaining the integrity of
mitochondrion-associated membranes. It has also been shown to regulate dendritogenesis and
synaptic transmission (Switon et al., 2017). Additionally, dysregulation of mTOR signaling can
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alter the balance between neuronal excitation and inhibition, contributing to epileptogenesis
(Specchio et al., 2023).

In the canonical pathway, mTORCI is directly activated by RHEB, which in turn is regulated by the
TSC complex, comprised of the proteins TSC1, TSC2 and TBC1D7 (Fig.2). Therefore, a loss of
either of the TSC proteins interferes with this regulation mechanism, resulting in sustained
hyperactivation of mTORCI1 (Salussolia et al., 2019). Notably, mutations in TBC1D7 do not result
in TSC symptoms (Switon et al., 2017). At the same time, some data suggest positive regulation of
mTORC?2 by the TSC complex (Huang et al., 2008). Additionally, as mMTORC1 and mTORC?2 share
some upstream regulators, there is documented cross-talk between the two complexes. For instance,
mTORC1 can inhibit mTORC2 via insulin receptor substrate-1 (IRS-1) growth factor
receptor-bound protein 10 (Grb10), while mTORC2 can deactivate TSC2 (and thus activate
mTORC1) through Akt, PKC or SGK signaling (Ragupathi et al., 2024). While there has been little
research on potential TSC complex action outside of mTOR, there is some evidence for
non-canonical role of TSC1/2 and RHEB in signaling, transport and secretion across the plasma
membrane, and actin cytoskeleton regulation (Neuman & Henske, 2011). These have been
speculated to potentially contribute to the pathogenesis of TSC, however, this has not been fully
explored up to date, and the majority of studies focus on the TSC1/2-mTORC1 pathway.

TSC1

Figure 2. Regulation of mTORCI by the TSC complex.

In TSC, disruption of white matter (WM) was also linked
to neurodevelopmental deficits. Altered neurite density
in WM was correlated with greater disease severity with

regards to seizures and cognitive impairments (Anaby et
al., 2022). An analysis of global WM connectivity in
TSC patients revealed reduced connectivity between
RI_ E B hemispheres, which was most significantly impaired in
individuals with ASD or intellectual disability (Im et al.,
2016), and WM dysconnectivity in infants with TSC has
been linked to the development of ASD symptoms later

in life (Prohl et al., 2019). A recent study also linked
' TANDs with abnormalities in WM in the limbic system,
which is involved in behavior, memory and emotional
responses (Sato et al., 2022; Mori & Aggarwal, 2014).
mTO RC 1 Sato et al. showed an association between disrupted WM
integrity in the limbic system and intellectual disability,
autistic features and behavioral problems (Sato et al.,
2022). We have also found impaired brain connectivity
in our zebrafish TSC model (Kedra et al., 2020), recapitulating patients data. In zebrafish, cells with
mTorC1 hyperactivation were found to migrate into the WM regions (Kedra et al., 2020; Kim et al.,
2011; Prentzell et al., 2021), coinciding with neuronal hyperactivity in the WM (Prentzell et al.,

2021), suggesting that these mislocalized cells might act as epileptogenic foci. In turn, it is known
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that alterations of WM integrity can be caused by seizures (Moavero et al., 2016). Both mTORC1
hyperactivation by deletion of 7sc/ and hypoactivation by an oligodendrocyte-specific deletion of
Rptor were shown to affect myelination in a mouse model (Lebrun-Julien et al., 2014), disrupting
WM structure. However, while we know that mTORC1 hyperactivity itself, as well as seizures and
impairments in brain connectivity all contribute to neuropsychiatric and neurodevelopmental
disorders, there is still a need for additional data regarding the developmental perspective of how
the TANDs arise and its mechanistic understanding, in order to provide patients with accurate and
timely diagnosis and treatment.

1.4 Treatment of TSC and TANDs

Management of TSC focuses in the first place on the most life-threatening conditions, such as
enlarging SEGAs, epilepsy and renal tumors, all of which can be treated with surgery — in case of
epilepsy, by removal of tubers (Northrup et al., 2024). However, due to associated risks or comorbid
conditions, not all patients qualify for SEGA resection (Ebrahimi-Fakhari & Franz, 2020); and
although surgical removal of epileptogenic tubers can be successful in many patients, the presence
of multiple tubers can make it challenging (Specchio et al., 2023). Therefore, there is a continued
search for pharmacological treatments of TSC. Since mutations in the TSC genes result in
hyperactivation of mTORC1, mTOR inhibitors have been an obvious avenue of exploration.
Clinically available mTORCI] inhibitors used in patients with TSC include rapamycin, also known
as sirolimus, and its derivatives such as everolimus. They function by dissociating the binding of
Raptor, a crucial component of the complex, from mTORCI1. Treatment with everolimus has been
shown to reduce the volume of SEGAs, as well as kidney tumors and skin lesions (Caban et al.,
2016; Franz et al., 2016). Additionally, everolimus treatment decreases seizure frequency in TSC
patients, especially in children under six years old (Curatolo et al., 2018). Pharmacological
inhibition of mTORCI1 in children with TSC was also demonstrated to improve WM integrity
(Peters et al., 2018). When it comes to TANDs, however, treatment with everolimus has failed to
significantly improve cognitive functioning, social and behavioral impairments, neuropsychological
deficits, and motor function in children and adolescents with TSC (Kadish et al., 2020; Overwater et
al., 2019). Additionally, both the EXIST-1 and EXIST-3 trials have provided evidence that, while
everolimus treatment is considered safe, it can have some systemic side effects, including stomatitis
and increased risk of infection (Curatolo et al, 2018; Franz et al, 2016). Everolimus has also been
found to increase pre-dose concentrations of such anti-seizure medications as carbamazepine and
clobazam, which should be taken into account if those drugs were to be administered together
(Schubert-Bast & Strzelczyk, 2021). In USA and Europe, everolimus has been approved for
treatment of kidney tumors in patients above the age of 18, and for treatment of SEGAs in patients
of all ages who cannot be effectively treated with surgery (Jozwiak et al., 2020).

Alternatively, in TSC patients presenting with infantile spasms, the first-line treatment to prevent
epileptic seizures is vigabatrin (VGB). It functions as an inhibitor of y-Aminobutyric acid (GABA)
transaminase, increasing inhibitory neurotransmission by stopping the breakdown of GABA.
Vigabatrin is highly effective, preventing further occurrence of infantile spasms in 95% of patients
(Hancock & Osborne, 1999). In patients with refractory focal seizures, it can also be administered
in conjunction with other anti-epileptic drugs, acting on GABA receptors (clobazam), AMPA
glutamate receptors (perampanel, topiramate), synaptic vesicle protein SV2A (levetiracetam,
brivaracetam) and voltage-gated or voltage-sensitive sodium channels (valproate, lamotrigine,
10



oxcarbazepine, carbamazepine, topiramate, lacosamide) (Schubert-Bast & Strzelczyk, 2021). Some
clinicians have been reluctant to prescribe vigabatrin due to reported side effects, particularly visual
defects. Indeed, the drug was introduced with a black-box warning that vision loss can occur in 30%
of cases, and a recommendation to closely monitor patients for vision impairments during and after
treatment (Cruz 2010). However, a more recent study has concluded that this risk had been
exaggerated, and is outweighed by the benefits of seizure prevention (Foroozan 2018). The
EPISTOP trial, evaluating the potential of preventative epilepsy treatment in infants with TSC, has
concluded that vigabatrin was safe at the anti-epileptic dosage. Administration of vigabatrin upon
the diagnosis of epileptiform activity during EEG monitoring successfully delayed the onset of
seizures and reduced seizure severity (Kotulska et al., 2021). While earlier age of onset and higher
frequency of seizures are associated with stronger cognitive and behavioral impairments,
conventional epilepsy treatment with vigabatrin did not improve IQ outcomes or behavioral
problem scores, including ASD-related behaviors (Uematsu et al., 2020). This suggests that while
the severity of some TANDs can be worsened by epilepsy, they do arise independently. In the
EPISTOP trial, the percentage of patients with neurodevelopmental delay was lower following the
novel preventative treatment than in the conventionally treated group. Furthermore, none of the
preventatively treated patients had severe learning disability, although this particular finding was
not deemed significant due to the low sample size and the follow-up monitoring up to only 2 years
of age. Nevertheless, the results implied that prevention of seizures with vigabatrin could improve
cognitive outcomes (Kotulska et al., 2021).

Cannabidiol (CBD) has also been approved for treatment of TSC-associated seizures, due to its
anti-epileptic action demonstrated in the GWPCARE®6 trial (Thiele et al., 2021). However, it is
notable that CBD might interact with multiple other anti-epileptic drugs, including valproate,
clobazam and everolimus/sirolimus (Schubert-Bast & Strzelczyk, 2021). It also does not decrease
the volume of SEGAs (Barnett et al., 2020), and its effect on overall mMTORCI signaling is not yet
clear (Schubert-Bast & Strzelczyk, 2021).

When it comes to TANDs, patients are referred to a neurodevelopmental specialist or psychiatrist,
and treated with behavioral or psychological therapy and/or medication according to their diagnosed
disorder (Northrup et al., 2024). However, it is important to note that the incidence and clinical
presentation of TANDs do not always entirely correlate with the tumor or seizure burden (Wong
2019), and the precise molecular mechanisms underpinning the observed behavioral and
developmental conditions are not yet fully understood. Therefore, there is still need for both more
research on the effects of established anti-epileptic drugs on TANDs, and for novel therapeutic
targets aimed specifically at treating TANDs.

1.5 TSC and TANDs in animal models

Full homozygous 7Tscl or Tsc2 rodent knockouts are lethal during early embryonic development
(Kobayashi et al., 2001; Onda et al., 1999). Heterozygous mice are most commonly used as models
of TSC, alongside full knockouts of either TSC gene in specific cells (Santos et al., 2025). This
recapitulates the autosomal dominant or mosaic pattern of mutation in TSC patients. Similarly to
patients data (Henske et al., 2016), a comparison between 7sc/- and Tsc2-deficient mice has shown
a greater hyperactivation of mMTORC1 and a more severe seizure phenotype with the latter, although
with conditional knockouts, the timing of the deletion also had a significant impact on disease
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severity (Magri et al, 2013). In addition to epilepsy, mouse models of TSC also recapitulated
various behavioral symptoms that align with TANDs.

Various rodent TSC models have shown deficits in cognition and learning, measured by tests of
novel object recognition, or spatial memory in the Morris Water Maze or Radial Arm Maze
(reviewed in Santos et al., 2025). TscI"" and Tsc2"" mice displayed learning and social deficits even
in the absence of seizures or brain tumors (Ehninger et al., 2008; Goorden et al., 2007). Studies
conducted on 7scl-deficient mice have shown the potential of rapamycin to rescue some
ASD-related symptoms such as social deficits (Sato et al., 2012; Tsai et al., 2018), or structural and
electrophysiological changes in the cerebellum (Tsai et al., 2018). However, the efficacy of this
treatment depended significantly on the timing of the intervention with regards to the animals’ age,
and repetitive behaviors could not be rescued within the time window of the study (Tsai et al.,
2018). Additionally, in both Tsc/™ and Tsc2"" mice, rapamycin lowered the increased rearing
behavior, which can be induced by environmental stress (Sato et al., 2012). When it comes to
anxiety, it was found to be much more prevalent in 73c2- rather than 7sc/-deficient rodents,
although the results were also varied depending on the behavioral test used (Santos et al., 2025).

Iscl or Tsc2 deletions in cerebellar Purkinje cells resulted in motor impairments, as well as
autistic-like phenotypes, such as social deficits and repetitive behaviors, that could be rescued by
rapamycin treatment (Reith et al., 2013; Tsai et al., 2012). A conditional heterozygous knockout of
Tscl in inhibitory neurons derived from medial ganglionic eminence (MGE) affected hippocampal
function in mice, resulting in impaired contextual fear discrimination and working spatial memory
(Haji et al., 2020). In a study by Normand et al., a mosaic 7sc/ deletion in the thalamic precursors at
embryonic day (E) 12.5 resulted in repetitive grooming behavior seizures and abnormal neuronal
activity with epileptiform features in adult mice. Conversely, only some mice with Tscl inactivation
at E18.5 experienced seizures later in life. These results have demonstrated that the spatial
distribution of affected cells and the developmental timing of 7sc/ inactivation strongly influence
the phenotype of individuals with a mosaic TSC mutation (Normand et al., 2013).

Mice expressing a dominant-negative 75c2 transgene, which has a mutation affecting its GAP
domain and the capacity to inhibit RHEB, displayed social deficits and impaired rotarod motor
learning (Chévere-Torres et al., 2012), as well as anxiety-like behavior (decreased time spent in the
open arms) in the elevated plus maze test (Ehninger & Silva, 2011). A study on a conditional
hypomorphic 7sc2 mouse mutant demonstrated a gradation of cellular and behavioral effects such
as neuron enlargement, anxiety, social deficits and learning impairments, negatively correlated with
TSC2 protein levels. These findings were consistent with prior studies showing that the severity of
neurological TSC symptoms was correlated with tuberin levels: namely, mutations in 7SC2 result in
more severe phenotypes than mutations in 7SC/, truncating mutations in 7SC2 lead to worse
outcomes than missense mutations, and in patients with mosaicism, the severity of symptoms
depends on the proportion of affected cells to those with two normal alleles. (Yuan et al., 2012).

The Eker rat, which carries a spontaneous mutation in the 7sc2 gene, is free of cerebral hamartomas
and spontaneous seizures, although it is vulnerable to progressive induction of seizure susceptibility
through a chemically-induced process termed kindling (Waltereit et al., 2006). Naive Tsc2*" rats
show reduced novel object and social exploration, and increased anxiety; an induction of status
epilepticus by kainic acid results in anxiety and social evade, suggesting that although behavioral
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impairments in TSC arise independently of epilepsy, they can be aggravated by seizures (Waltereit
etal., 2011).

Overall, various rodent models have managed to recapitulate many of the TANDs-related symptoms
experienced by TSC patients. In many aspects, however, zebrafish (Danio rerio) are more
advantageous than the popular mouse models: zebrafish are small in size, quick to mature,
characterized by high fecundity and ease of maintenance (Bradford et al., 2017; Hortopan et al.,
2010). Additionally, in contrast to mammals, their extrauterine development allows for observation
of live embryos, including homozygous #sc/ or tsc2 gene knockouts. It is also worth noting that
tsc2”” homozygous zebrafish are accepted as TSC model, recapitulating disease symptoms more
accurately than the heterozygous tsc2” fish (Kim et al., 2011; Scheldeman et al., 2017; Kedra et al.,
2020).

Belonging to the teleosts, zebrafish underwent a genome duplication in the Devonian period, and in
the time since, some of those duplicated genes have diversified, acquiring new functions (Ravi &
Venkatesh, 2008). As a result, zebrafish possess two distinct homologs of the mammalian zsc/ gene,
named tscl/a and tsclb. DiBella et al. have used antisense morpholino oligonucleotides in order to
knock down the tscl/a gene; and while this impacted kidney development, the authors did not
address the impact of zsc/a loss on the brain (DiBella et al., 2009). It is also worth noting that the
zebrafish Tscla and Tsclb proteins share respectively 36 and 44% sequence identity with the
human TSC1 (DiBella et al., 2009), while the zebrafish Tsc2 protein shares 73% sequence identity
with the human TSC2 (Kim et al., 2011).

In 2011, Kim et al. created the tsc2"** zebrafish line with a missense mutation leading to a
premature STOP codon in the tsc2 gene. The version of the Tuberin protein encoded by the mutant
allele lacks the GTPase-activating protein (GAP) domain necessary for Rheb inactivation and,
consequently, mTORC]1 inhibition (Kim et al., 2011). While heterozygous tsc2"*** zebrafish show
some increase in mTORC1 activation, they are viable; in contrast, £sc2"?****** mutants die within
the first two weeks of development, and display a more severe phenotype while alive. Studies have
confirmed mTorC1 hyperactivation, increased cell size and disruptions of gray and white matter
organization (Kim et al., 2011; Kedra et al., 2020), seizures and impaired locomotion (Scheldeman
et al,, 2017; Kedra et al., 2020) and abnormalities in axon guidance, as well as anxiety-like
behaviors (Kedra et al., 2020) in the tsc2"****** mutant. Therefore, the sc2"?*?*? fish can be

considered a valid model of TSC, as it recapitulates many changes seen in TSC patients.

Chapter 2. Aims and scope of the thesis

This thesis, using the zebrafish model of TSC, aims to explore the mechanisms leading to selected
TANDs, with the goal of identifying potential future targets of treatment. In Chapter 3, I introduce
the zebrafish as a model for studying seizure disorders, such as TSC, and explain its value for
translational research. In Chapter 4, I present an overview of state-of-the-art methods to study brain
development and function in zebrafish, including brain imaging techniques used in our laboratory.
In Chapter 5, I analyze light preference in larval zs¢2?* fish, and aim to uncover the molecular and
cellular mechanisms underlying this behavior. Using immunofluorescence stainings and live
calcium imaging, I show how mTorCl hyperactivity in the left habenula dysregulates neuronal
activity, impairs sensory integration and leads to aberrant responses to light stimuli in the
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tsc2™¥#242 mutant. 1 also demonstrate that preventative treatment with the mTorC1 inhibitor

rapamycin, either delivered into bathing medium or injected directly into the left habenula, results
in normalized light response. Chapters 6 and 7 provide a detailed description of two protocols
developed for the study described in Chapter 5: immunofluorescence in whole zebrafish larval
brains, and injections of rapamycin into the zebrafish habenula. In Chapter 8, based on prior
findings of our laboratory, I aim to discover the role of TrkB signaling in anxiety, and I map the
amygdaloid complex in larval zebrafish based on brain topology and the expression of marker
proteins. Using behavioral testing, and molecular analysis by ELISA assay, Western blot and
immunofluorescence, I demonstrate that TrkB signaling is involved in regulation of anxiety-like
behavior in zsc2"?* fish independently of mTorCl. I also show the effect of TrkB inhibition on
brain activity in the habenula, pallium and subpallium of zsc2"™** larvae, and identify selected
amygdaloid territories in the developing zebrafish brain. The findings of this thesis and the potential
future research directions are summarized and discussed in Chapter 9.
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Abstract

Zebrafish are being widely used to study central nervous system diseases such as epilepsy. Over the
last two decades research on zebrafish models contributed to our understanding of brain
development as well as pathological processes involved in disease. Tuberous Sclerosis Complex
(TSC) is a genetic disease resulting from mutations in 7SC/ or TSC2 genes. TSC patients suffer
from seizures associated with dysregulated mTOR signaling. Here, we focused on specific
methodologies used to study epilepsy-like phenotype in the TSC fish highlighting the value of
zebrafish as a model to study epilepsy. The availability of powerful and effective techniques like
brain activity imaging, behavioral tracking, and high-resolution microscopy in developing animals
make zebrafish useful to study epilepsy pathogenesis on different levels. Moreover, ex utero
development, quick maturation, and ease of genetic manipulation are also advantageous.
Furthermore, we also summarize other genetic or chemically induced epilepsy models made in
zebrafish. Comprehensive knowledge in this chapter may help researchers to design their own
studies using zebrafish as an animal model.

Key Words

Tuberous Sclerosis Complex (TSC), TSC zebrafish model, TSC-associated epilepsy, zebrafish
epilepsy model, epilepsy, seizures, behavioral tracking, brain activity imaging
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1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disease resulting from
mutations inactivating the 7SC/ or TSC2 genes (encoding Hamartin or Tuberin, respectively) but
the latter is more common and accounts for 76% of cases (Salussolia et al., 2019). Hamartin and
Tuberin proteins form an inhibitory complex which regulates the signaling pathway of mammalian
target of rapamycin (mTOR). The outcome of either the 7SCI or TSC2 mutation is loss of the
Hamartin-Tuberin functional complex and hyperactivity of the mTOR pathway (Switon et al.,
2017).

The major clinical manifestations of TSC are epilepsy and benign tumors in multiple organs,
however, 90% of patients suffer also from TSC-associated neuropsychiatric disorders (Crino et al.,
2006; Ess, 2006; Salussolia et al., 2019). The first symptoms of TSC are usually seizures or
characteristic skin changes, e.g., facial angiofibromas, which often occur during first two years of
life (Salussolia et al., 2019). Structural lesions in the brain have long been associated with epilepsy.
However in TSC, benign tumors in the cortex (tubers) are not solely responsible for epileptic
seizures but cellular dysplasia and dysregulated mTOR signaling in the perituberal tissue also play a
role. In fact, some studies suggest that the abnormal mTOR activity alone might result in
epileptogenesis (Ruppe et al., 2014). The epilepsy image is very complex in patients with TSC.
Focal seizures are the most common (50% of epilepsy cases), followed by generalized seizures
which occur in 27% and mixed seizures in 18% of the TSC patients with epilepsy. Seizures can be
of every type, e.g., clonic, tonic, atonic, or absence (Specchio & Pietrafusa, 2020). Childhood
epilepsy in TSC often manifests also as infantile spasms (37% of children with TSC) and will often
turn into a refractory form (Salussolia et al., 2019).

Moreover, the TSC patients with mutations in the 7SC2 gene tend to have an earlier onset and
higher frequency of seizures. Earlier epilepsy onset is also associated in TSC with more pronounced
cognitive decline (Salussolia et al, 2019). Therefore, studies of the early developmental mechanisms
underlying epilepsy in TSC are still needed.

2. Details of the Animal Model

The tsc2"?* mutant line was generated by Kim ef al. (2011) by introducing a nonsense mutation
into the zebrafish tsc2 gene leading to premature STOP codon. The homozygotes tsc2"?*"?# (the
TSC fish) are considered the zebrafish model of TSC. The authors reported that the TSC fish have
disrupted gray and white matter compartments in the brain and overgrown cells in multiple body
regions. The large neurons in the brain exhibited hyperactive mTOR signaling similarly to TSC
patients (Kim et al., 2011). Later, the TSC fish have been also shown to display behavioral
alterations, neuronal hyperactivity in the brain, and disruptions in brain development, such as
pallium malformations, thinner commissures, and disturbances in axon fasciculation — all changes
corresponding to TSC symptoms (Kedra et al., 2020; Scheldeman et al., 2017). Scheldeman e? al.
(2017) also demonstrated seizures in the TSC fish using local field potential (LFP) recordings and
we discovered that these were non-motor seizures caused by increased neuronal activity in the brain
(Kedra et al.,, 2020). We also mapped specific characteristics of the TSC fish behavior to
phenotypes similar to epilepsy and anxiety to facilitate high-throughput drug screens (Kedra et al.,
2020). In this review, we focus on specific methodologies used to study epilepsy-like phenotype in
the TSC fish.
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2.1. Breeding and genotyping of the TSC fish

The TSC fish are sensitive to hypoxic conditions and thus water should be exchanged daily. The
mutation is lethal when homozygous and homozygotic larvae die earlier when water is not
exchanged frequently. Early mortality makes it necessary to breed and cross adult heterozygotic fish
to gain homozygotic embryos and sibling controls for experiments. Efficient genotyping is thus
crucial. There are two methods frequently used for genotyping the TSC fish — amplification of the
allele by polymerase chain reaction (PCR) and digestion with the restriction enzyme HpyCHIV4
(Figure 1A) or amplification of the allele by quantitative PCR (qPCR) and analysis by
high-resolution melting (HRM) technique (Figure 1B). Genotyping is done from the tail region and
heads are used for experiments. The timing of genomic DNA isolation for genotyping depends on
the experimental design. For example the genotyping is done before the extraction of tissue for
immunofluorescence or for isolation of proteins or RNA. On the other hand, behavioral assays,
electrophysiological recordings, and live imaging experiments are done blindly concerning the
genotype and the extraction of genomic DNA is done after the recordings are taken.
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2016). Using this approach, the zebrafish brain activity can be imaged and measured in a specific
region of interest (Figure 2). Additional fusion of GCaMP with synaptophysin facilitates imaging of
neuronal activity in the synapses as fusion with synaptophysin drives the synaptic localization of
the fluorescent probe (Akerboom et al., 2012).

Anesthetics are used for mounting and stabilizing the fish for imaging. The commonly used
Tricaine (or MS-222) is not suitable for the brain activity experiments, as it inhibits it. Thus, other
approaches need to be taken like using 2% agarose of a low-melting point and freeing the tail in
order for fish to move it freely or adding non-depolarizing muscle relaxants to the imaging medium,
e.g., pancuronium bromide.

Our team studied the brain activity in the TSC fish in 7g(HuC:GCaMP5G) transgenic background
(Ahrens et al., 2013). We also injected Tg(HuC:GCaMP5G) fish with morpholino (MO) against
g3bpl for gene knockdown. g3bpl encodes protein that tethers the Hamartin-Tuberin complex to
the lysosome enabling its function (Prentzell et al., 2021). Imaging of the neuronal activity in the
pallium of the Tg(HuC:GCaMP5G) fish was performed using lightsheet microscope. Change in
fluorescence intensity across time was calculated in the whole pallium and was also measured in
single cells mislocalized to pallial white matter compartments (Kedra et al., 2020; Prentzell et al.,
2021). We showed increased activity of the whole pallium in the TSC fish compared to wildtype
siblings (Figure 2) (Kedra et al., 2020). Moreover, with this method we also discovered that cells
mislocalized in the white matter compartments of the pallium may be the foci for the increased
brain activity (Prentzell et al., 2021).

tsc2'* tsc2”
high

neuronal activity

Figure 2. Calcium imaging of neuronal activity in the TSC fish.

The TSC fish shows higher overall neuronal activity in the brain compared to sibling controls.

The other approach to measure brain activity in the TSC fish is to perform electroencephalographic
(EEG) recordings or LFP (LFP method has been recently reviewed by Gawel et al., 2020). A
pioneer study by Baraban et al. (2005) established protocols to observe EEG activity and seizures in
larval zebrafish exposed to pentylenetetrazole (PTZ). EEG recordings have shown similarities to
those of humans regarding ictal discharge frequency (2—7 Hz). However, high gamma oscillations
(80—150 Hz) present in humans and rodents were not observed (Weiss et al., 2013). It is also
important to note that ongoing activity in the larval zebrafish brain looks different than in mammals,
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with discontinuous bursts of activity, therefore electrographic signatures will differ between species
(Zdebik et al., 2013).

These electrophysiological methods are complementary to calcium imaging using GCaMP
transgenic lines as they have better temporal resolution, but lower spatial resolution. Although,
GCaMP probes that have been lately generated facilitate imaging of neuronal activity with a very
good temporal resolution. The LFP recordings are usually done in a region-specific manner in
comparison to measurements using GCaMP probes which resolve neuronal activity to the
single-cell level. The challenge using genetically encoded GCaMP probes is to image the same
brain cells in the same brain region of multiple fish. This can be done by imaging of large portions
of the brain, which can be later mapped into reference brain, but this approach causes loss of
temporal resolution. Alternatively, GCaMP fish can be crossed into transgenic background in which
the specific neurons of interest express reporter protein with different optical properties than GFP,
e.g., red fluorescent protein (RFP). Then the imaging of these RFP-positive cells can be done in a
temporally continuous mode across one z-plane which gives a very high temporal resolution.

2.3. Behavioral characteristics of the TSC fish

Behavior is ultimately connected to the brain function and therefore it is also crucial for the epilepsy
research. The freely moving zebrafish larvae exhibit velocity in a range of 0.5-2 cm/s. Fish velocity
above 2 cm/s is considered as hyperactivity and therefore can be used as a proxy for motor seizures.
Motor seizures are acute and can be seen by burst swimming, left and right movements, and erratic,
circular movements (Afrikanova et al., 2013). Tracking of basic locomotion should show
differences between fish having motor seizures and seizure-free animals usually by large increase in
activity and velocity in seizing animals (Figure 3A). Still, there are also non-motor seizures that
result in loss of consciousness and decreased activity like in the TSC fish (Figure 3B). One may use

0.02% tricaine (g/vol) and 2.5-5 mM PTZ as negative and positive controls for motor seizures
(Figure 3C).
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Tracks from behavioral analysis of locomotor activity of wildtype zebrafish treated with tricaine or
PTZ that can be used as experimental controls.

Analysis of behavior connected to seizures in zebrafish is relatively easy using video recordings and
commercially available automated tracking systems. Recordings of fish in 96-well plates with one
fish per well offer very high throughput, however, it is not advisable for larvae older than 4 days
post-fertilization (dpf). 12-well or 24-well plates would give much more information about
characteristics of behavior such as repetitive movements, circling behavior, erratic movements,
distance from center or from the wall, etc., as the recording area is bigger, and tracks are more
informative.

Basic behavioral assays are suitable for screens of anti-epileptic properties of chemical compounds.
They also can be used to assess compound toxicity. However, proper controls should be included in
the experiment like non-treated siblings and solvent-treated fish of all genotypes. Commonly used
dimethyl sulfoxide changes behavioral properties of zebrafish larvae by increasing their activity and
velocity and is especially toxic for development in concentrations above 0.5%. Also, alcohols are
toxic for zebrafish embryos and larvae, thus, they should be avoided.

The TSC fish exhibits decreased activity compared to wildtype siblings (Figure 3B), which can be
seen by lower duration of activity, lower distance traveled, and lower mean velocity. We mapped
this decreased activity to non-motor seizures which could be rescued by overnight treatment with 25
UM ethosuximide or 60 uM vigabatrin. 200 nM rapamycin also can be used to rescue the behavioral
phenotype of the TSC fish. Moreover, the velocity in the hyperactivity range (> 2 cm/s) was
increased in the TSC fish. Although it was not connected to seizures but to the anxiety-like behavior
and could be rescued by rapamycin or anti-anxiety drugs such as ANA-12 or diazepam (Kedra et
al., 2020).

2.4. Epileptogenesis studies in the TSC fish

Epileptogenesis can also be studied in zebrafish on a behavioral level. Taking advantage of the
zebrafish external development, one can measure the spontaneous activity during very early
developmental stage. The spontanecous movements of zebrafish embryos start at 17 hours
post-fertilization (hpf), increase in time till 28 hpf, and then slowly decrease being the lowest at 36
hpf (de Oliveira et al., 2021). The stage of 24 hpf is advisable for this experiment as at 20 hpf high
movement variability is observed, but it can also be done at 32 hpf. Staging should be performed
before this experiment (usually at blastula stage) to assure that all embryos were born at the same
time and are developing in equal pace. Assessment of spontaneous movements in zebrafish embryos
can be done with low magnification bright-field microscope which is connected to a camera.
Recordings should be done with a frame rate of at least 10 fps. Number of movements can be
calculated manually or in an automatic manner using recently developed macro for ImagelJ software
(Kurnia et al., 2021). Increased number of spontaneous movements at 24 hpf has been linked to
seizure development in the TSC fish and other zebrafish models of epilepsy (Kedra et al., 2020;
Wager et al., 2016).

Another approach to study epileptogenesis is to subject zebrafish larvae to subconvulsive doses of
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epileptogenic compounds such as PTZ, which induces motor seizures in larval zebrafish from 2.5
mM (Winter et al., 2008). We treated the TSC fish and their siblings with 1.25 mM PTZ for 6 min.
before behavioral analysis and tracked their locomotion for 10 min. in darkness (Figure 4). The
TSC fish treated with subconvulsive concentration of PTZ exhibited lower overall duration of
activity, similarly to the untreated TSC fish. However, after PTZ, the TSC fish showed increased
number of peaks of high activity in the hypervelocity range (> 2cm/s) and also increased number of
peaks of higher velocity compared to sibling controls. The increase in locomotor activity in a
hypervelocity range after treatment with PTZ is associated with motor seizures (Figure 4).
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Figure 4. Behavioral analysis of the TSC fish treated with a subconvulsive dose of PTZ.

A. Activity over time in a 0.5-2 cm/s range shows decreased locomotion in the TSC fish compared
to sibling controls. B. Activity over time in a hypervelocity range show increased locomotion in the
TSC fish. C. Velocity over time shows high velocity peaks in the TSC fish.

2.5. Studies of pathomechanisms in the TSC fish

Epilepsy research imperatively also includes brain morphology and molecular studies to unravel the
underlying mechanisms of pathogenesis. Multiple techniques of molecular and cell biology are
available in zebrafish. The most informative techniques are not only qualitative, but also
quantitative, and include the spatial context of the whole brain. These are whole-mount
immunofluorescence techniques or whole-mount fluorescent in sifu hybridization if antibodies are
not available (Figure 5A). Inevitably, genetic techniques also can be used to study molecular
mechanisms of pathogenesis.

The mechanism underlying seizures is presumably imbalance between inhibition and excitation in
the neuronal activity, when excitation overcomes inhibition (reviewed by Staley, 2015). However,
what drives the imbalance between the two neuronal systems to produce seizures, thus which
mechanisms prompt epileptogenesis and ictogenesis in TSC, is still debated. The TSC fish can
bring answers to these questions. Studies of the brain pathology of the TSC fish and g3bpl
morphants in early development may resolve molecular or cellular mechanisms between mTOR
pathway hyperactivation and increased neuronal excitability. Knockdown of g3bp! with MO caused
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loss of function of Hamartin-Tuberin complex by disruption of its localization, phenocopying the
TSC fish (Prentzell et al., 2021). Mislocalized cells in white matter compartments of pallia were
present both in the TSC fish and the g3bpl morphants. In both models, these cells exhibited
hyperactivated mTOR pathway (Kedra et al., 2020; Prentzell et al., 2021). In g3bp/ morphants,
ectopic cells in white matter compartments were acting as ictal foci propagating the neuronal
activity into the whole pallium. Moreover, live imaging of migrating neuronal progenitors in the
developing zebrafish frontbrains revealed increased migration dynamics in the g3bp/ morphants
compared to controls (Prentzell et al., 2021). This suggests that dysregulated migration may
underlie the mislocalization of neurons in the white matter compartments that drive seizures in TSC
(Figure 5).
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3. Advantages and Disadvantages

Zebrafish emerged as a model organism for studying development and disease in the 1980s, with
pioneer work by George Streisinger, who began to establish tools for its genetic analysis
(Streisinger et al., 1981). However, rats and mice are still used in the bulk of neuroscience research,
and zebrafish-based studies, although growing in popularity, are rarer in comparison. Because of
prevalence of rodent models, neuroscientists less frequently train and specialize in working with
zebrafish, and multiple techniques that are well-developed for rodents still require adjustments and
validation in zebrafish. Nevertheless, there are numerous advantages of using zebrafish as a model
animal for epilepsy research.
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Zebrafish are small, with the adults growing only to 3-4 cm in length and the larvae of approx. 3
mm in length. They mature quickly, reaching larval stage by 72 hpf, and sexual maturity in approx.
3 months. Until 120 hpf, the larvae do not require feeding. A pair of adult zebrafish can generate
50-200 embryos every week, and the aquatic system allows for relatively straightforward and cheap
maintenance of colonies (Bradford et al., 2017; Hortopan et al., 2010). Zebrafish develop externally,
which is a major advantage over mammalian models, particularly when studying the earliest stages
of development, and allows easy observation of living embryos. This is especially advantageous in
studying conditions such as TSC, in which the pathogenesis starts during fetal development.
Homozygous 7SC1 or TSC2 rodent knockouts are lethal during embryonic development (Kobayashi
et al., 2001; Onda et al., 1999). Similarly, the TSC fish die around 11 dpf, but their ex-utero
development allows for observation of alive larvae up to that point. The developing zebrafish are
transparent, which makes them highly convenient for microscopic analysis, including imaging of
neuronal activity (Khan et al., 2017). The small size of zebrafish can also be a limitation for certain
techniques. For example, deep brain stimulation therapies are practically impossible to carry out in
larval zebrafish (Cho et al., 2017).

While small and easily accessible, the zebrafish brain is sufficiently complex, containing
approximately 100,000 neurons at 7 dpf. It displays the anatomical divisions typical for vertebrates,
with high functional homology to mammalian counterparts (Panula et al., 2010). All the major adult
brain subdivisions are present in larvae. The zebrafish telencephalon is everted (with the ventricular
region located externally), while in mammals it forms by invagination. Due to such major
differences in mechanism of neurodevelopment, the homologous brain regions are located
differently than in mammalian brain. However, many brain regions are still present in zebrafish
(Hortopan et al., 2010). Apart from the overall architecture, the zebrafish and mammalian brains
share similar cellular morphology, as well as key neurotransmitters, receptors, and transporters with
comparable spatial and temporal distribution (Panula et al., 2010). Cell types responsible for the
generation of excitatory discharges within a network, such as excitatory or inhibitory neurons, are
present in both adult and immature zebrafish (Hortopan et al., 2010). Because the zebrafish brain is
smaller, containing less neurons, some structures of the human brain do not have a direct zebrafish
homologous region, however, their functions are shared by selected groups of specialized neurons
(Khan et al., 2017). Nonetheless, zebrafish do lack major portion of the human cortex, which is
considered a limiting factor in some studies, especially those concerning higher cognitive functions
(Parker et al., 2013).

The high fecundity, ease of maintenance, and external development of zebrafish makes them more
suitable for high-throughput drug screening than rodents (Bradford et al., 2017). 70% of epileptic
patients develop the symptoms during childhood, therefore, screenings of anti-epileptic compounds
should be performed using immature animals. Neonatal rodents are increasingly being used (Auvin
et al., 2012; Galanopoulou & Moshé, 2015), but the ease of treating and observing zebrafish during
early development is their obvious advantage. Drugs can be administered to fish in the bathing
medium, which is much more efficient than injections, ensures equalized exposure and
simultaneous treatment of multiple cohorts of fish.

Zebrafish are highly amenable to genetic manipulation using genome engineering methods based on
MOs, RNA interference, synthetic mRNA injection, expression plasmid injection, or genome
editing technologies such as zinc finger nucleases (ZFNs), transcription activator-like effector
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nucleases (TALENSs), and clustered regularly interspaced short palindromic repeats (CRISPR). Such
techniques are often easier, cheaper, and faster to perform on zebrafish than on other laboratory
animals (Koster and Sassen, 2015). Around 70% of human genes have corresponding zebrafish
orthologs. Zebrafish are teleosts, which underwent a whole genome duplication in the Devonian
period. Some of these duplicated genes are redundant, while others have acquired new functions,
making molecular studies of disease pathomechanisms more complicated. Nevertheless, zebrafish
mutants displayed similar neurological phenotype to patients with epilepsy, serving as useful
models of pediatric epilepsy.

4. Other Model Systems

Seizures in zebrafish can be induced chemically, by genetic mutation, or by other methods. In this
section, we briefly describe various zebrafish models of epilepsy.

4.1. Chemically induced epilepsy models in zebrafish

Chemically induced seizures in zebrafish at all ages cause similar behavioral response
characterized by erratic whirlpool-like swimming, convulsive swimming, and eventually loss of
posture or death during long exposition to a proconvulsive drug (Afrikanova et al., 2013). To model
epilepsy in zebrafish, fish are exposed to different concentrations of a drug usually added to water
or administered via injection into the yolk sac at the embryonic or larval stages or intraperitoneally
in adults.

One of the first drugs used to induce epileptic seizures was PTZ (Baraban et al., 2005). Zebrafish
larvae treated with PTZ display behavioral, electrophysiological, and molecular alterations which
are observed from few seconds to minutes after PTZ administration (Afrikanova et al., 2013). PTZ
was shown to induce convulsive effects in concentration range 2.5-20 mM (Winter et al., 2008).

Other drugs used to induce epilepsy in zebrafish are (concentration ranges for larvae in brackets):
kainic acid (KA; 50-500 uM), (D, L)-allylglycine (AG; 50-300 mM), linopirdine (25-200 uM),
XE991 (25-200 uM), ginkgotoxin (0.2-1 mM), picrotoxin (0.3-60 mM), caffeine (0.04 mg/L),
1,3,5-trinitroperhydro-1,3,5-triazine (RDX; 0.1-1 mM), etc. (Tablel). All these drugs induce
electrophysiological and behavioral response. However, lower doses cause less severe and higher
doses cause more severe manifestations, e.g., high doses of KA decreased locomotion of zebrafish
larvae being attributed to a loss of posture (Menezes et al., 2014). The timing of behavioral
response also varies between different drugs. In larval zebrafish, PTZ induced seizures after
minutes or seconds, while AG or ginkgotoxin after approx. 2 hours (Baraban et al., 2005; Chege et
al., 2012; Lee et al., 2012).

4.2. Genetic Epilepsy Models in zebrafish

Genetic mutations account for approx. 1-2% of diseases which manifest with epilepsy. These
mutations are often localized to genes encoding for neuronal ion channels and receptors, or
y-aminobutyric acid pathway components, leading to abnormal neuronal activity and seizures
(Devinsky et al., 2018). Genetic models of epilepsy are therefore useful to study pathomechanisms
of epilepsy. The first genetic models of epilepsy in zebrafish were obtained using MOs (Nasevicius
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and Ekker, 2000), however, nowadays CRISPR/Cas9 method is the most used to introduce stable
gene knockouts in zebrafish.

One of the most common disease with childhood epilepsy is Dravet syndrome (DS) caused by
mutations in SCNIA which encodes for a subunit of voltage-gated sodium channel NaV1.1. In
zebrafish, multiple techniques were used to inactivate scnllab encoding this protein: mutagenesis
(Schoonheim et al., 2010), MO (Zhang et al., 2015), or CRISPR (Tiraboschi et al., 2020). All these
models exhibited hyperactivity, seizures, loss of posture, and repetitive jerking. Moreover, scnllab
zebrafish mutants showed epileptiform brain activity by LFP recordings (Sourbron et al., 2017).
Recently, single-cell transcriptome analysis of scnllab mutant developed with CRISPR/Cas9
mutagenesis revealed loss of inhibitory neurons during early stages of development starting to
unravel molecular mechanisms of epilepsy-like phenotypes (Tiraboschi et al., 2020).

Similarly, a zebrafish model of febrile seizures caused by stx/b mutations, model of generalized
epilepsy generated by mutation in gabrala gene, the model of pyridoxine-dependent epilepsy
carrying mutation in aldh7al, or another model of DS generated by chd2 knockdown with MO
exhibited motor seizures often with circular swimming, body convulsions, and loss of posture
(Tablel). Also, increased brain activity or epileptiform events seen by LFP recordings were

observed in these models. However, these phenotypes developed in different stages ranging from 4
dpfto 10 dpf.

On the other hand, there are zebrafish models with non-motor seizures, e.g., cacnalaa knockdown,
a model of absence seizures and episodic ataxia type 1 (Gawel et al., 2020). Knockdown of
cacnalaa by MO decreased locomotor activity in zebrafish larvae. Together with epileptiform
events present in the brains of cacnalaa morphants, this phenotype can be interpreted as non-motor
seizures. Another example is depdc5 mutant generated using CRISPR/Cas9 method to model
DEPDCS5-related epilepsy (Swaminathan et al., 2018). This gene encodes for one of proteins of the
GATORI1 complex inhibiting the mTOR pathway. Homozygous depdc5 mutants exhibited
decreased locomotor activity and increased number of epileptiform events in the brain.
Furthermore, they showed higher susceptibility to seizures after PTZ and hyperactivation of mTOR
(Swaminathan et al., 2018), resembling the TSC fish phenotype molecularly, morphologically, and
behaviorally.

As seen from examples above, the behavioral responses can differ among various zebrafish epilepsy
models. It is therefore indispensable to measure brain activity by EEG, LFP, or calcium imaging for
further validation of seizure presence.

4.3. Other epilepsy models in zebrafish

Post-traumatic epilepsy model in adult zebrafish has been developed by induction of traumatic brain
injury with high-intensity ultrasound (Cho et al, 2020). Moreover, protocols for
hyperthermia-induced seizures were generated to model febrile seizures (Hunt et al., 2012).
Zebrafish is also commonly used to model fetal alcohol spectrum disorder, which is caused by
alcohol uptake by a pregnant mother and often results in seizures in the infant (Fernandes et al.,
2018).
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5. Mini-Dictionary of Terms

Epileptogenesis: cellular and molecular mechanisms leading to development of spontaneous
seizures and epilepsy.

GCaMP: genetically encoded calcium indicators which consists of three key domains: the
calcium-binding protein calmodulin (CaM), a peptide sequence from myosin light-chain kinase that
interacts with CaM (M13), and GFP. Neuronal activity causes fluctuations in intracellular free
calcium, which in turn induces conformational changes in the CaM—-M13, resulting in an increased
fluorescent signal from GFP. This allows to monitor neuronal activity in vivo by microscopy.

Lightsheet microscopy: a microscopy technique based on optical sectioning using a sheet of light
illuminating a region in the focal plane. Compared to confocal microscopy, lightsheet offers higher
scanning speed, lower phototoxicity, and higher penetration. It also allows to obtain images from
multiple angles by rotating the specimen around its axis, which makes it particularly suitable for
imaging complex three-dimensional structures, such as zebrafish embryos and larvae.

Morpholino oligonucleotides (MOs): oligomers of morpholine bases which decrease expression
through complementary binding to the RNA of interest. They effectively hinder transcript
processing (via inhibition of the spliceosome assembly) and translation (by preventing ribosome
assembly at translational start site).

PTZ (pentylenetetrazol): a GABA, antagonist used to trigger acute seizures in animal models of
epilepsy, usually for the purpose of testing anticonvulsive drugs.

Stages of development: The stages of zebrafish development are defined by morphological
changes of the embryo across hours (hpf) and days (dpf) post-fertilization. The standard timeline of
zebrafish development is based on optimal conditions of incubation in 28.5°C without
overcrowding. While embryos develop normally at the temperatures between 25°C and 33°C, this
will respectively slow down or accelerate the development. It should also be noted that water heats
or cools slower than air, and thus should be prepared at the right temperature for particularly
sensitive experiments.

6. Key Facts on zebrafish:

e [t is a small, freshwater fish from Bangladesh.

e It is transparent till 24 hpf and then mostly transparent till larval stage with few
melanophores in the skin and eyes.

e Scientists can stop generation of melanophores in the skin and eyes by using phenylthiourea
in the culturing water.

® One pair of adult zebrafish can give hundreds of eggs.

e When setting the breeders, scientists usually use two males and one female zebrafish to get
as many fertilized embryos as possible.
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e The culturing water for zebrafish embryos is called E3 (5 mM NaCl, 0.17 mM KCI, 0.33
mM CaCl2, 0.33 mM MgSO4).

e Zebrafish underwent genome duplication in the Devonian period.
e The zebrafish brain is sufficiently complex for neurodevelopmental studies.

e Zebrafish are also genetically similar to humans.

7. Summary Points
e Tuberous sclerosis complex (TSC) results from mutations in the 7SCI or TSC2 gene,

causing their loss of function and hyperactivity of the mTOR pathway.

e The major clinical manifestations of TSC are epilepsy and benign tumors in multiple organs,
as well as TSC-associated neuropsychiatric disorders. Seizures in TSC patients can be of
various types.

e The homozygous tsc2"?*"?* zebrafish are considered the TSC disease model. Those fish
display disruptions and alterations in mTOR signaling, brain development, neuronal activity,
and behavior — consistent with data from TSC patients.

e Brain activity in the TSC fish can be measured using genetically encoded calcium
indicators, or by LFP or EEG recordings.

e Epileptogenesis can be studied in zebrafish on a behavioral level.

e Compared to rodent models, zebrafish are more suitable for high-throughput studies. Their
external development also allows for easy observation of living embryos.

e Scizures in zebrafish can be induced chemically by a proconvulsive drug, genetic mutation,
or other methods, e.g., severe head injury.
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Compound | seizure | type of LFP/EEG Behavioral characteristics Possible mechanisms Drugs that rescue Reference
/gene induction | seizures epilepsy-like
method phenotype
PTZ chemical | motor ictal discharge frequency (27 Hz) | hyperactivity-like behaviors, circular | associate with GABAergic synaptic | diazepam, valproic | Afrikanova et al.
movements, tonic-clonic-like seizures transmission acid, 2013; Baraban et al.
characterized by spasms and loss of 2005
posture
KA short-lived (100-200 msec) and longer |  clonic-like convulsions in higher agonist of AMPA/KA glutamatergic | 6,7-dinitroquinoxal [ Alfaro et al. 2011;
(4-5 sec) bursting EEG discharges on doses receptors ine-2,3-dione Menezes et al. 2014
average 8 events/min.
AG 16 events per 10-min. increase in locomotor activity, rapid | irreversible inhibition of glutamic acid | diazepam, sodium | Leclercq et al. 2015
recording, lasting 700 msec on whirlpool-like circling, decarboxylase (GAD) valproate,
average clonic-like convulsions leading to a topiramate
loss of posture
linopirdine multi-spike burst discharge activity, | increased locomotor activity with fast | inhibits neuronal K(v)7 channels (also - Chege et al. 2012
and XE991 200 to 300 ms of duration whole-body twitch-like convulsions termed KCNQ channels)
ginkgotoxin - hyperactive swimming pattern with interference with the B6 phenytoin, Lee et al. 2012
short bursts of rapid jerking lasting up | vitamin-dependent GABA synthesis in| gabapentin and
to a few seconds neurons primidone
picrotoxin - reduced normal swimming, episodes | GABAA receptor antagonist; induces | sodium valproate Wong et al. 2010
of hyperactivity, occurrence of expression of c-fos in the forebrain
spasms, tonic-clonic seizures
caffeine - hyperactivity, spasms and increased inhibits adenosine Al and A2A - Wong et al. 2010
corkscrew and circular swimming receprotors
RDX - reduced exploration, increased associate with GABAergic synaptic - Williams et al. 2012
freezing, bouts of hyperactivity, transmission
spasms, and corkscrew swimming
scnllaa genetic motor | interictal spikes and ictal epileptiform hyperactivity, convulsive seizure loss of function mutations of gene valproate, Sourbron et al.,
discharges behavior, loss of posture, repetitive encoding for an o subunit sodium diazepam, 2017; Tiraboschi et
jerking channel NaV1.1 potassium bromide, al. 2020;
stiripentol
scnllab interictal spikes and sudden hyperactivity, myoclonic jerk loss of function mutations of gene clobazam, Zhang et al. 2015
polyspiking discharges 1-1.5 sand tremor encoding for an a subunit sodium stiripentol,

event/min. lasting 400 msec

channel NaV1.1

topiramate, sodium
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kenj10b

stx1b

gabrala

aldh7al

chd?

cacnalaa

valproate

clusters of spikes/poly-spikes,
frequency: 2—4 Hz

ataxia, renal tubulopathy, burst
activity, spontaneous body
contractions, loss of posture

loss of function mutations of gene
encodes potassium channel Kir4.1

pentobarbitone

Mahmood et al.
2013; Zdebik et al.
2013

polyspiking discharges below 80
Hz; high frequency oscillations
(100—200 Hz frequency), 1.3
events/min.,
lasting 100 msec

increased orofacial (jaw) and pectoral
fin movements, myoclonus-like jerks

encode plasma membrane synaptic
protein Syntaxin-1B involded in
exocytosis

Schubert et al. 2014

tonic-clonic-like seizures in light

encode ol subunit of GABAA

valproic acid,

Samarut et al. 2018

depdc5

stxbpla and
stxbplb

tsc2

exposure clonazepam,
levetiracetam
high amplitude ictal and low hyperactivity, rapid circling pyridoxine-dependent epilepsy, - Pena et al. 2017
amplitude interictal EEG discharges swimming, body convulsions, accumulation of lysine metabolites in
central nervous system
multiple upward spikes with whirlpool-like events, pectoral fin and| loss of function of chromodomain - Suls et al. 2013
occasional ictal patterns jaw twitching, whole-body trembling helicase DNA-binding protein
involved in chromatin remodelin, gene
expression, DNA repair, cell cycle
non-mot abrupt spike-wave complexes, hypoactive in both the light and dark | loss of function in neurotransmitters ethosuximide, Gawel et al. 2020
or polyspike-wave discharges and phases relase by knock-down gene encode al topiramate
high-voltage spikes subunit of P/Q calcium channel
increased number of epileptiform decreased locomotor activity hyperactivation of mMTORC1 rapamycin Swaminathan et al.
events in the brain comparing to 2018
sibling controls
spontaneous epileptic seizure events decreased locomotion, decreased loss of function of SNARE complex - Grone et al. 2016
only in stxbplb mobility, reduced heart rate and
metabolism in stxbpla
approx. 4 seizures per 10 min. decreased locomotion, increased aberrant migration of neuronal rapamycin, Kedra et al., 2020
recording anxiety, no light preference progenitors ethosuximide, Scheldeman et al.,
ANA-12 2017

Table 1. Chemically induced and genetic zebrafish models used in epilepsy studies.
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Abstract

The zebrafish (Danio rerio) is increasingly used in neuroscience research. Zebrafish are
relatively easy to maintain, and their high fecundity makes them suitable for high-throughput
experiments. Their small, transparent embryos and larvae allow for easy microscopic imaging
of the developing brain. Zebrafish also share a high degree of genetic similarity with humans,
and are amenable to genetic manipulation techniques, such as gene knockdown, knockout, or
knock-in, which allows researchers to study the role of specific genes relevant to human brain
development, function, and disease. Zebrafish can also serve as a model for behavioral
studies, including locomotion, learning, and social interactions. In this review, we present
state-of-the-art methods to study the brain function in zebrafish, including genetic tools for
labeling single neurons and neuronal circuits, live imaging of neural activity, synaptic
dynamics and protein interactions in the zebrafish brain, optogenetic manipulation, and the
use of virtual reality technology for behavioral testing. We highlight the potential of zebrafish
for neuroscience research, especially regarding brain development, neuronal circuits, and
genetic-based disorders and discuss its certain limitations as a model.

Keywords

modern methods for neuroscience, brain development, genetic tools, behavioral studies,
optogenetics, brain imaging, virtual reality, zebrafish.

43



1. Introduction

Since early work in the 1980s (Streisinger et al., 1981), the zebrafish (Danio rerio) has been
increasingly used as a model organism. Although the zebrafish is a relatively new model
organism for complex brain diseases, it is of great interest to scientists for a comprehensive
analysis of the processes involved in the development and regeneration of the nervous
system, as evidenced by the increasing number of publications using this model each year

(Figl).
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Figure 1. A. Number of publications per year using zebrafish since year 2000 (from Pubmed
database). B. Comparison of relative numbers of publications per year using zebrafish and
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mouse models showing dynamic growth of the zebrafish research.

The use of zebrafish in neuroscience research has several advantages. Zebrafish embryos and
larvae are transparent, allowing researchers to easily visualize and study the development and
function of the brain. This transparency, together with external development, makes it
possible to observe the formation of neural circuits and the development of individual
neurons in a living organism. Zebrafish share many genetic similarities with humans. The
zebrafish genome and transcriptome have been sequenced revealing 70% sequence similarity
between zebrafish and human (Howe et al., 2013; Shehwana & Konu, 2019). These features
allow researchers to study fundamental processes in brain development and function that are
relevant to humans (Hortopan et al., 2010; Panula et al., 2010). Also, zebrafish embryos
develop quickly making them an ideal model for studying the early stages of brain
development. Researchers can easily manipulate genetically and analyze the effects of
genetic mutations or experimental treatments during this rapid developmental period.
Zebrafish are amenable to gene knockdown, knockout, or knock-in, which allow researchers
to investigate the roles of specific genes in brain development and function. These techniques
— summarized in section 2 — have provided valuable insights into the genetic basis of
brain-related disorders. Zebrafish exhibit a range of behaviors that can be investigated
providing understanding into the neural basis of various behaviors, including locomotion,
learning, and social interactions (Kalueff ez al., 2014). Their behaviors can be assessed using
automated tracking systems, making it easier to conduct high-throughput experiments.
Advanced behavioral analyses, together with neuronal activity imaging techniques are
described in section 3 of this review. Zebrafish are relatively easy and cost-effective to
maintain in a laboratory setting, which makes them an attractive model organism. Overall,
zebrafish have become a valuable tool in the field of brain research because of their unique
combination of characteristics that allow researchers to analyze various aspects of brain
development, function, and pathology. In this review, we describe highly advanced tools for
studying the brain connectivity development, brain activity, and function using zebrafish as
an animal model.

2. Methods to study development of the brain connectivity

2.1 Genetic tools for selective gene expression

Various genetic strategies are used to visualize neurons (Fig2). One of the common
approaches in molecular and cell biology is the use of strategies that require the presence of
two transgenes in the same cell to activate the expression of the fluorescent reporter gene. An
example of this is the galactose transcription factor (Gal4) — upstream activating sequence
(UAS) system that is widely used in zebrafish research (Halpern et al., 2008). In this system,
two transgenic lines are used — one with Gal4 expression in a specific region or tissue and the
other with expression of the gene of interest under the UAS, e.g., green fluorescent protein
(GFP). Expression of Gal4 is restricted to a specific region or to a specific tissue because it is
under the control of a specific promoter. This method allows researchers to achieve highly
specific and controlled gene expression patterns that enable precise manipulation and analysis
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of target cell populations (Fig2A). The Gal4-UAS system is a versatile and effective tool for
exploring gene functionality, observing subcellular structures, labeling specific cells or
tissues, or their selective removal.
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Figure 2. A. Schematic visualization and exemplary image of the use of the Gal4-UAS
system. B. Schematic visualization and exemplary image of the use of the Tol2 system. C.
Schematic visualization and exemplary image of the use of the Cre-loxP system. D.
Schematic visualization and exemplary image of the use of the Tet-ON system.

Gal4 is a yeast transcription factor consisting of a DNA-binding domain and a transcription
activation domain. It binds to UAS and activates transcription from the basal promoter placed
downstream of UAS. The Gal4-UAS system was first used in zebrafish by Scheer and
Campos-Ortega (Scheer & Campos-Ortega, 1999). They constructed a plasmid with the
full-length yeast GAL4 gene. However, the expression of Gal4 was weak. Since then, the
method has been continuously improved. To overcome the weak expression, Koster and
Fraser have used Gal4-VP16, a fusion of the DNA-binding domain of Gal4 with the
transcriptional activation domain of the VP16 protein from the herpes simplex virus, which
has stronger transcriptional activity (Koster & Fraser, 2001). Another commonly used version
of Gal4 is Gal4FF, a modified version of the Gal4 that has two activator segments of VP16 in
addition to the DNA-binding domain of Gal4. Gal4FF has been shown to be better tolerated
in vertebrate cells than Gal4-VP16 (Asakawa et al., 2008).

Another approach to achieve higher expression of the reporter gene was an insertion of a
repeated UAS sequence in the transgene. However, Goll et al. found that the UAS sequence
repeated 14 times was highly methylated, so expression of the reporter protein was silenced
(Goll et al., 2009). Silencing and methylation were lower for UAS repeats of 5 or 4. Fish
lines containing such repeats have been shown to be reliable and reproducible over more than
15 generations (Kawakami ef al., 2016).

So far, many transgenic zebrafish lines expressing modified Gal4 in specific cells, organs,
and tissues have been created. Several research labs have produced these Gal4 zebrafish lines
in a high-throughput manner and organized them into collections available for the scientific
community. These collections can be used in genetic and developmental biology research to
study gene expression or manipulate gene function in a controlled and tissue-specific or
temporal manner. Each Gal4 driver line in the collection is typically designed to express Gal4
in a specific tissue or cell type, e.g., Tg(chat:Gal4) expresses Gal4 in brain areas positive for
choline acetyltransferase (ChAT) or Tg(gadlb:Gal4) with Gal4 expression in brain areas
positive y-aminobutyric acid (GABA) (Forster et al., 2017). This specificity of expression
allows researchers to study development of these regions or to target them by genetic
manipulations. It is important to highlight that recently the Zebrafish Brain Browser (ZBB)
and its updated version, ZBB2 (Tabor et al., 2019), have become accessible online. These
resources house images displaying the cellular expression patterns of various Gal4
collections, as well as transgenic lines that express fluorescent proteins in specific defined
patterns (Marquart et al., 2015). This platform is particularly valuable for investigating the
functional mapping of neuronal circuits. These atlases have transformed research capabilities,
enabling users to easily conduct 3D spatial searches and efficiently identify lines with
reporter expression in regions of interest.
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In making these zebrafish transgenic lines, scientists employed the Tol2 transposon
transgenesis (Fig2B). The Tol2 system includes two key parts: a donor plasmid containing the
gene of interest flanked by Tol2-transposon repeats (a Tol2 construct) and the Tol2
transposase (Kawakami, 2007). These two components are microinjected into fertilized eggs
at the one-cell stage. The Tol2 construct is removed from the donor plasmid and incorporated
into the genome during embryonic development. Consequently, these insertions are inherited
by the subsequent fish generations. The latest generated vectors for Tol2-based transgenesis
in zebrafish expand a selection of fluorescent protein choice, are coupled to Cre system or
Gal4 system, and thus are adaptable for various applications. Integration of these vectors
enhance the range of available tools for consistent, quality-controlled Tol2 transgenesis and
gene-regulatory element testing in zebrafish and other model organisms (Kemmler et al.,
2023). By using the Tol2 system combined with the Gal4-UAS, Lal et al. identified a pallial
amygdala in the zebrafish brain essential for fear conditioning suggesting that it is the
mammalian functional equivalent. They also provided additional bricks in our understanding
of the brain evolution and diversification of neuronal networks (Lal et al., 2018).

The caveat of Tol2 transgenesis is that it uses transposon sites in the genome randomly and
some of the insertions are not inherited through-out the generations. Lalonde et al. optimized
targeted vector integration system in zebrafish, by converting well-established, validated, and
inherited Tol2 sites into landing sites recognized by the phiC31 integrase (Lalonde et al.,
2023). They called it pIGLET, phiC31 Integrase Genomic Loci Engineered for Transgenesis.
This system enables targeted insertion into a place in the zebrafish genome that is stable
across generations, reducing the number of animals needed for generation of transgenic lines.

Another approach to target specific neurons is the Cre-lox system, a genetic recombination
system that can be used to manipulate gene expression in a cell-specific manner (Fig2C).
This system is widely used in mouse models. It also uses two transgenic lines: one that
expresses the Cre recombinase enzyme in a specific subset of neurons, and another that
contains a gene of interest flanked by loxP sites. When these two lines are crossed, the Cre
enzyme binds to the loxP sites and e.g. excises the gene of interest resulting in a cell-specific
knockout (Lin et al., 2013). Both systems, Gal4-UAS and Cre-lox, have successfully been
used in zebrafish (Forster ef al., 2017; Tabor et al., 2018), making this a promising strategy to
achieve targeted reporter expression in neurons.

Another approach worth mentioning is the Tet-On system, an inducible gene expression
system that uses tetracycline (Tet) or doxycycline (Dox) to timely control the activation of
transgene expression (Fig2D). This system has been successfully used in mammals and
zebrafish (Bockamp et al., 2008; Knopf et al., 2010; Ma et al., 2017). Campbell et al.
employed the Tet-On system to induce gene expression in rod photoreceptors. This
proof-of-concept research shed light on the timed development and migration of these cells
within the growing retina (Campbell et al., 2012).
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2.2 Tools to study single neurons within the brain and neuronal morphology development

Photoconvertible and photoactivatable fluorescent proteins are widely used to study neuronal
morphology, especially projecting axons and neuronal connectivity, as they allow timed
visualization of single neurons within a neuronal population (Fig3A). Photoconvertible
proteins are a class of fluorescent proteins that change their emission wavelengths and thus
can be activated in response to specific wavelengths of light (Chow & Vermot, 2017). They
are widely used in biological research, particularly to visualize and track specific structures
by fluorescence microscopy. Once activated, most photoactivatable proteins cannot be easily
deactivated. On the other hand, the photoconvertible proteins emit fluorescence in one
spectrum and undergo irreversible conversion to other fluorescence spectrum when exposed
to violet or ultraviolet (UV) light. The first photoconvertible fluorescent protein was Kaede,
and it was produced by accident. Kaede initially emits green fluorescence. When exposed to
violet or UV light (350-400 nm), it undergoes irreversible conversion into a red light-emitting
fluorophore (Ando et al., 2002). The use of the Kaede protein provides possibility to
distinguish individual neurons from each other in the living zebrafish. In the study by Sato et
al., a transgenic line Tg(HuC:Kaede) expressed Kaede in neurons under the neuron-specific
HuC promoter and the photoconversion of Kaede enabled the labeling of a single neuron
within the tectum to study development of dendritic arborization in time (Sato ef al., 2006).

Examples of well-known photoactivatable and photoconvertible proteins include
Photoactivatable Green Fluorescent Protein (PA-GFP), Dendra2, or mEos. PA-GFP is a
non-fluorescent variant of GFP that can be activated by UV light and then it emits green
fluorescence (Patterson & Lippincott-Schwartz, 2002). Similarly to Kaede, Dendra2 is a
photoconvertible fluorescent protein converting from green to red. Dendra2 can also be
photoconverted by initially exposing the protein to blue light and subsequently to
near-infrared light, so called “primed conversion” (Mohr et al., 2016). mEos is another
photoconvertible protein that transitions from green to red fluorescence when illuminated
with UV light. Another fluorescent protein discovered both with photoconvertible and
photoactivatable properties is Dronpa. The interesting feature of this protein allows its
fluorescence to be deactivated with blue light and reactivated with violet light (Habuchi et al.,
2005). Aramaki and Hatta used Dronpa in zebrafish to visualize the development of axonal
arborizations of single spinal neurons during time-lapse imaging. They photoconverted
Dronpa in soma to anterogradely label the axonal terminus of a single neurons or in the axon
to retrogradely label somas which the axons belong to (Aramaki & Hatta, 2006). This
approach enabled to map intertwined neuronal circuitries. Along with the years, new
fluorescent proteins were discovered, such as PSmOrange, with red-shifted excitation and
emission wavelengths (Subach et al., 2011). Using the PSmOrange photoconversion within
GFP transgenic background, Beretta et al. explored the neural circuit development of the
ventral habenula by employing 2-photon microscopy time-lapse imaging. Their investigation
yielded compelling evidence of the thalamic-epithalamic origin of the ventral habenula
neurons (Beretta et al., 2013).
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2.3 Remodeling of neuronal connectivity using laser ablation

One of the innovative methods used to study plasticity of neuronal connectivity in the brain is
laser ablation of neuronal cells (Fig3B). It may be also employed to study the role of a
subpopulation of neurons in behavior (Muto & Kawakami, 2018) or to study single neurons
connectivity development within a circuit (Hiyoshi et al., 2021). Laser ablation can be
performed using a two-photon laser microscope and is especially well-suited for disrupting
the activity of a limited number of specific neurons. Expression of fluorescent proteins in the
specific population of neurons allows for the ablation of these neurons at desirable locations
and timing at a high spatial resolution (single-cell level). Hiyoshi ef al. used two-photon laser
ablation of the inferior olive combined with long-term live imaging of the whole brain and
showed structural remodeling of the olivo-cerebellar circuit at a single-cell resolution.
Irreversible ablation of neurons caused severe damage in the inferior olive and enabled live
observation of remodeling of the circuit (Hiyoshi et al., 2021).
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2.4 Tools to investigate synapse maturation live and neuronal connectivity mapping

Zebrafish have become a valuable model organism for studying synaptic structure and
function. They offer several advantages for investigating synapses and neuronal connectivity
mapping, including their optical transparency, rapid development, and genetic flexibility. One
of the modern ways for visualizing synapses in living zebrafish larvae is the use of
specialized approach such as FingRs to fluorescently label specific synaptic components. The
transTANGO approach in turn, by labeling synaptically connected cells, is used to track
synaptic connections. These labels can be introduced through genetic modification in a stable
manner (transgenic zebrafish lines as in section 2.1) or by microinjection of plasmids
encoding these components. Then, the observation of synaptic dynamics in real time can be
done using time-lapse imaging including synaptic plasticity and the formation and
elimination of synapses during development or pathology.

FingRs, the fibronectin intrabodies generated by mRNA, are antibody-like proteins fused to
fluorescent proteins that target endogenous synaptic proteins (Fig4) (Son et al., 2016).
FingRs can be used to visualize proteins in living cells without compromising structure and
function of synaptic components (Gross et al., 2013). They offer a significant advance over
the conventional immunofluorescence technique, which requires cell fixation and
permeabilization. Additionally, expression of FingRs is regulated by a transcriptional
feedback system that utilizes a zinc-finger DNA binding domain that matches the expression
level of its endogenous target (Gross et al., 2013). Thus, FingRs can be used to
comprehensively map the locations, numbers, and size of synaptic connections onto specific
neurons in the developing intact brain.
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FingRs have been used in zebrafish to target such proteins as postsynaptic density protein 95
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(PSD-95), which is localized to the excitatory synapses, or Gephyrin (GPHN), which is a
component of the postsynaptic protein network of inhibitory synapses. The PSD-95 is known
to interact with synaptic receptors and have been well established as a marker for the size and
location of postsynaptic densities of glutamatergic synapses (Dakoji et al., 2003). Thus
FingRs targeting PSD-95 allow to precisely map the excitatory synapses in terms of their
sizes and locations in the living animal. Son et al. have shown that FingRs for GPHN
identified sites where GABA can be uncaged in close proximity to inhibitory synapses,
providing an approach for investigating inhibitory circuitry. Furthermore, the amount of
GPHN at postsynaptic inhibitory sites correlated with GABA or Glycine receptors (Son ef al.,
2016).

The trans-Tango method is a powerful and innovative technique used in neuroscience to
delineate the synaptic connections between neurons in the brain (Fig5).
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Figure 5. Trans-Tango method for live trans-synaptic tracing in zebrafish.

It is a variant of a method of identification of cells that are connected by a synapse with a
specific "bait" neurons, called Tango (Barnea et al., 2008). The trans-Tango method was
originally developed for anterograde trans-synaptic tracing in the Drosophilla melanogaster

52



olfactory system and it has been particularly useful for studying the complex neural circuits
in the brain (Talay et al., 2017). In trans-Tango adopted for zebrafish, specific neurons of
interest are chosen and are defined by expression of ligand that serves as a "bait" to identify
their synaptic partners. Ligand expression is controlled by UAS, and thus by a Gal4 driver
line of interest. The ligand is derived from human glucagon (sGCGQG), is tethered to the
presynaptic membrane through the transmembrane domain of zebrafish Nrxnlb, and
extended into the synaptic cleft through the linker sequence (Talay et al., 2017). All neurons
in the central nervous system are genetically modified to express 1) a G protein coupled
receptor (GPCR) fused to QF transcription factor on their cell surface, and 2) a fusion of TEV
protease and Arrestin. GPCR-QF fusion is regulated by TEV protease because the TEV
cleavage site lies in between the two proteins. In presynaptic neurons, Gal4 binds to UAS
resulting in the expression of the sGCG ligand and its presentation on the presynaptic
membrane. The presynaptically-presented sGCG ligand binds to the GPCR-QF fusion protein
on the postsynaptic membrane, causing recruitment of Arrestin-TEV and cleavage of QF. QF
then translocates to the nucleus and promotes transcription of a fluorescent marker under
QUAS. This marker helps identify the cells that are synaptically connected to the bait neuron.
The advantage of this method is that it works with any neural circuit regardless of the
neurotransmitter that it uses (Coomer ef al., 2023; Talay et al., 2017).

2.5 Fluorescence Resonance Energy Transfer (FRET) to study protein interactions or
conformation in the living brain

FRET is a powerful and widely used technique in molecular and cellular biology that allows
researchers to study interactions and conformational changes between molecules, typically
within the nanometer scale. FRET relies on the transfer of energy between two fluorescent
molecules when they are in close proximity (Fig6). This transfer happens from a donor
fluorophore to an acceptor fluorophore. In the context of zebrafish research, FRET can be
used to investigate various biological processes and molecular interactions, including
interactions between proteins or within a protein in the living zebrafish (Kardash et al., 2011).
By genetically fusing a donor fluorophore to one protein and an acceptor fluorophore to
another, researchers can measure the proximity of these proteins and infer whether they are
interacting in specific cellular contexts. To detect conformational changes in proteins, the
donor and acceptor fluorophores are attached to different parts of a protein of interest and the
changes in protein shape or structure in response to various stimuli or biological processes
can be monitored by FRET in the living zebrafish neurons (Fig6B).
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3. Methods to study brain activity and behavior

3.1. Tools for single-cell neuronal activity analysis in the zebrafish brain

Neuronal activity causes rapid changes in intracellular free calcium. Using this mechanism,
genetically encoded calcium indicators (GECls) allow for real-time, in vivo, non-invasive
measurement of neuronal activity, on a spatial scale ranging from synapses (Chen et al.,
2013) to large populations of neurons (Ahrens et al., 2013). Currently, GFP-based GEClIs are
most widely used (Chen et al., 2013). The original GCaMP probe consisted of circularly
permuted green fluorescent protein (cpGFP), the calcium-binding protein calmodulin (CaM),
and CaM-interacting M 13 peptide (Nakai et al., 2001). The major principle of GCaMP action
is based on conformational changes in CaM/M13 upon calcium ion binding, resulting in
increased brightness of the green fluorescence (Chen ef al., 2013; Dana et al., 2016). Since
the discovery of GCaMP, many variants of this fusion protein have been generated and
widely used in many in vitro and in vivo models. For example, the GCaMP5G reporter
(Ahrens et al., 2013) was used by us to examine epilepsy in the zebrafish model of Tuberous
Sclerosis Complex. Whole-brain imaging of tsc2"“#; Tg(GCaMP5G) larvae with light-sheet
microscopy has revealed hyperexcitability in the pallial neurons of the #sc2"?#?**?*? mutant
fish (Kedra et al., 2020).

Subsequent iterations of GCaMP calcium indicators have evolved from the original structure
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to enhance sensitivity and response kinetics. While the precise biophysical mechanisms
governing these improvements are not yet fully elucidated, a trade-off appears to exist
between the sensitivity and kinetics of GCaMP sensors. Consequently, distinct variants have
been developed, optimized either for heightened sensitivity (e.g., GCaMP6s, GCaMP7s) or
accelerated response kinetics (e.g., GCaMP6f, GCaMP7f) (Chen et al., 2013; Dana et al.,
2019). Furthermore, large-scale neuronal activity imaging often encounters challenges related
to signal cross-talk stemming from white matter regions and the nuclear expression of GECls
limit the imaging speed (C. K. Kim et al., 2014). Addressing this, Shemesh et al. have
engineered cell body-targeted GCaMP6f and GCaMP7f which exhibited superior
signal-to-noise ratios and reduced false-positive correlations when employed in the imaging
of dense neural circuits (Shemesh et al., 2020). More recently, Zhang et al. have introduced
the 8th generation of GCaMP indicators, denoted as jGCaMPS8 sensors. These sensors offer
rapid response kinetics, along with heightened sensitivity compared to preceding GECls.
jGCaMP8 variants are available, each optimized for either sensitivity or speed (Zhang et al.,
2023). jGCaMP8s has recently been used as the calcium reporter in a newly developed
platform that combines Ca2+ imaging and optogenetics in freely moving zebrafish (Chai et
al., 2024). SyjGCaMP8m, a variant of GCaMP8 expressed in synaptic terminals, has been
used to image bipolar cells in the inner retina of larval zebrafish, in order to investigate the
role of amacrine and bipolar cells in processing of color information (Wang et al., 2023).

Notwithstanding the sensitivity and signal-to-noise ratio offered by GFP-based GEClIs, their
utility is restrained by the characteristics of their excitation and emission spectra (Table).
Notably, these indicators are incompatible with transgenic organisms that already express
GFP-based proteins. Also, the excitation spectrum of GCaMP partially overlaps with that of
rhodopsin-based ion channels frequently employed in optogenetic investigations. To
circumvent these constraints, the adoption of red GECIs has emerged as a solution. Red
GECIs not only alleviate these issues but also exhibit diminished susceptibility to light
scattering and absorption within tissues, along with reduced phototoxicity. Dana et al. have
devised two enhanced red GECls based on mRuby (JRCaMP1la and jRCaMP1b) and mApple
(GRGECO1la). Beyond their application in cultured rat hippocampal neurons, mice,
Drosophilla, C. elegans, and zebrafish, where they were pan-neuronally expressed under the
HuC promoter, these red GECIs have displayed striking advantages over previously available
RFP-based sensors. They have exhibited sensitivities similar to GCaMP6 and have
maintained stable performance over time. Particularly jRGECOla has shown superior
sensitivity compared to jRCaMP1, representing an advance in the detection of neural activity
relative to prior generations of red GECIs. Notably, jJRCaMPla and jRCaMP1b have
demonstrated resistance to photoswitching following blue light exposure, a contrast to
JRGECOla, which undergoes such a conversion (Dana et al., 2016). The concurrent
utilization of both green and red GECIs was demonstrated by Mu ef al. in a study featuring
zebrafish expressing GCaMP6f in neurons and jJRGECOI1b in radial astrocytes. This dual
application facilitated the separate but simultaneous imaging of the two distinct cell types,
thereby elucidating the dynamic interplay between neuronal and glial activity in the
modulation of motor and passive states (Mu et al., 2019).
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A slightly different approach is offered by the genetically encoded indicator CaMPARI, the
second generation of which has been released recently (Fosque et al., 2015; Moeyaert ef al.,
2018). CaMPARI is a photoconvertible green fluorescent protein that, under UV light
exposure, undergoes irreversible photoconversion to a red fluorescent form, but only in the
presence of free calcium ions. Importantly, the degree of red-to-green fluorescence is
contingent upon the levels of calcium allowing for the precise capture of neuronal activity in
response to specific stimuli, both in vivo and in vitro. While CaMPARI probes have not been
as extensively used as GCaMPs, they have proven to be valuable tool for the screens aimed at
assessing the neurotoxicity of environmental contaminants or pharmaceuticals
(Biechele-Speziale et al., 2023; Kanyo et al., 2021). Recently, live imaging of zebrafish
larvae expressing CaMPARI was instrumental in elucidating the mechanism of Kv7
voltage-gated potassium channel inhibition (Kanyo et al., 2023).

Another approach to visualize and measure calcium dynamics upon neuronal activity is to use
FRET-based calcium indicators called cameleons. Similarly to GECIs, cameleons are
genetically encoded Ca?** indicators based on fluorescent proteins and CaM (Fan et al., 2007).
Cameleons are especially valuable for assessing basal-level activity and have found
application in functional mapping and connectivity mapping studies in zebrafish (Tao et al.,
2011). There are currently several different cameleons classified by composition of their Ca*
binding domains. One of the most widely used cameleon is Yellow cameleon that consists of
two fluorescent proteins, cyan CFP and yellow YFP. The neural activity can be visualized by
FRET between these fluorescent proteins (Hasani et al., 2023). This technique has been used
to observe Ca*" dynamics in sensory and spinal cord neurons in zebrafish (Higashijima et al.,
2003).

Cameleons typically use two fluorophores, a donor and an acceptor, which can be engineered
to emit different wavelengths of light upon calcium binding and they can be used in
combination with other FRET-based sensors targeting different molecules (e.g., cAMP, pH)
to simultaneously monitor multiple cellular processes within the same cell. Moreover,
cameleons provide ratiometric measurements comparing the emission of the donor and
acceptor fluorophores, which reduces the impact of factors like indicator concentration and
illumination intensity, resulting in more quantitative and accurate calcium measurements.
FRET-based indicators often exhibit a higher signal-to-noise ratio compared to some
single-fluorophore indicators like GCaMP probes. This means that cameleons can provide
more robust and reliable measurements, especially in challenging experimental conditions.
They can be designed to have a wider dynamic range, allowing them to detect both small and
large changes in calcium concentrations. However, it's essential to note that cameleons can be
more technically challenging to implement than the single-fluorophore indicators, as they
often require more complex microscopy setups. The choice between FRET-based indicators
and other approaches will depend on the specific experimental goals, the availability of
equipment, and the expertise of the researchers. Both types of indicators have their strengths
and are valuable tools in the field of calcium imaging and zebrafish research.

In parallel with the ongoing efforts to improve the kinetics and sensitivity of calcium

56



indicators, researchers have explored genetically encoded voltage indicators (GEVIs; Table).
These indicators are based on naturally occurring ion channel voltage sensor domains fused
to fluorescent proteins or, in later iterations, microbial rhodopsin proteins (reviewed in (Xu et
al., 2017)). Voltage imaging is technically challenging, necessitating fast imaging speeds
without compromising brightness or sensitivity. One innovative approach, proposed by
Abdelfattah et al., involves the creation of a hybrid "chemigenetic" voltage indicator named
Voltron. This indicator combines a voltage-sensitive microbial rhodopsin domain with a
dye-capture protein domain, allowing for the binding of synthetic fluorophores such as
Janelia Fluor. In this approach, transmembrane voltage-dependent changes in the rhodopsin
domain modulate the fluorescence quenching of the dye molecule through FRET. Voltron
excels in terms of brightness and photostability when compared to previous GEVIs. In
zebrafish experiments, Voltron has been utilized to detect action potentials and subthreshold
voltage signals during swim bouts in response to visual cues, providing insights into
sensorimotor integration at an unprecedented temporal resolution (Abdelfattah et al., 2019).
Recently, Abdelfattah et al. have also developed an improved version of this indicator,
Voltron2, optimized for higher sensitivity to action potentials, subthreshold potential
fluctuations, and it was tested in vivo in zebrafish olfactory neurons (Abdelfattah et al.,
2023).

An alternative approach to monitor neuronal activity in vivo is tracking of neurotransmitter
release. For example, a genetically encoded G-protein-coupled receptor-based dopamine
sensor (GRABp,) was engineered by coupling a conformationally sensitive cpGFP to a
selected human dopamine receptor. It allows for rapid, sensitive, and specific detection of
extracellular dopamine enabling quantitation of dopamine release in the living animals.
GRAB,, was successfully used in zebrafish larvae to observe dopamine dynamics in
response to a threatening looming stimulus (Sun et al., 2018). A year later, an analogous
norepinephrine sensor was developed by Feng et al., and similarly validated in zebrafish
larvae, also by observing the response to a looming stimulus (Feng et al., 2019). Both sensors
showed high specificity, sensitivity, brightness, photostability, and lack of phototoxicity
(Feng et al., 2019; Sun et al., 2018). Using a similar strategy, Wan et al. have developed the
GRAB; ;11 sensor for detection of serotonin (Wan et al., 2021), and while it has not yet been
used in zebrafish studies, it likely could be adapted for zebrafish similarly to its predecessors.

Moreover, iGluSnFR is a glutamate reporter constructed from E. coli GIltI and cpGFP,
originally shown to reliably report glutamate release from excitatory synapses in zebrafish
(Marvin et al., 2013, James et al., 2019). It has been recently improved by postsynaptic
targeting, achieved by the fusion of iGluSnFR with glutamate receptor auxiliary proteins y-2
and y-8, creating the SnFR-y2 and SnFR-y8 reporters (Hao et al., 2023). However, they have
not yet been tested in zebrafish. For differential properties of various approaches to study
brain activity see Table.
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3.2. The virtual reality for the analysis of behavior

Virtual Reality (VR) is an emerging tool to study zebrafish behavior. VR arenas, displaying
2D or 3D environments, can be programmed to provide realistic visual cues and feedback,
serving to analyze how the fish interact with their surroundings. This technology enables the
execution of assays wherein the ongoing simulation is dynamically adjusted to the fish's
behavior. This capability facilitates the observation of intricate, purpose-driven behaviors,
including goal-directed navigation, hunting, or social interactions, all within the limits of a
comparatively confined physical setting. The VR configuration effectively mitigates the
spatial constraints associated with traditional behavioral tests. The mobile projection can
persist for variable duration and at diverse speeds, and it can follow any trajectory.
Additionally, it allows for simulating any desired visual stimuli, ranging from simple shapes
and patterns to complex environments.

The simplest VR assays involve the projection of an animated virtual object on the walls of
the tank. Zebrafish react to a moving dot stimulus as if it were a potential predator or prey
depending on the dot size (Barker & Baier, 2015). Since this discovery, multiple studies have
used such stimuli to examine the mechanisms of prey tracking (Antinucci et al., 2019; Barker
& Baier, 2015; Jouary et al., 2016; Trivedi & Bollmann, 2013). More recently, researchers
have also used the VR projection of conspecifics for the analysis of shoaling, and how the
presence and behavior of conspecifics affects decision making in both freely swimming
(Harpaz et al., 2021; Oscar et al., 2023) as well as head-restrained zebrafish (Huang et al.,
2020). In the case of larvae, it has been demonstrated that a simple shape corresponding in
size and movement patterns to a real zebrafish larva, is sufficient to provoke the same social
responses as live conspecifics (Harpaz et al., 2021). However, in the case of adults, Huang et
al. have shown that the fish are able to differentiate between a simple shape and a more
detailed projection, and require a more realistic image of an adult zebrafish to trigger social
behavior (Huang et al., 2020). And while the currently available technology, based on
rendering the VR environment from the perspective of a single animal, does not allow for
simultaneous testing of multiple fish in a single arena, virtual projections of conspecifics can
be sufficiently sophisticated and accurate to the real-world behavior that they have been used
to create models of sensorimotor control during schooling in juvenile zebrafish. In addition to
studying social behavior in zebrafish, these models were used to refine the movement of
autonomous vehicles, showing that insights gained from zebrafish behavioral studies can find
application outside the field of neuroscience, or even biology (Li et al., 2023).

Another simple type of a VR assay, developed by Portugues and Engert, is based on
displaying a 2D drifting striped pattern to create the impression of movement. Presented with
the moving stimulus, the fish responds by tail movements corresponding to behavior
observed during free swimming, and the visual feedback can be controlled by the researcher
to create a closed-loop environment (Portugues & Engert, 2011). In a more complex
application of this method, Torigoe ef al. have created a 3D arena with moving patterns of
various colors. By pairing different projections with the absence or presence of an electric
shock, they were able to induce a positive or negative associations with the displayed stimuli,
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and demonstrated how the fish use this information to choose a safe environment and learn
new information when the visual cues were changed (Torigoe et al., 2021).

Researchers have harnessed the advanced capabilities of VR tools to conduct innovative
experiments. For instance, the FreemoVR system developed by Stowers ef al. enables "virtual
teleportation", wherein fish experience a seamless transition to a new projected environment
as they move within a designated region (Stowers et al., 2017). 3D VR environments such as
FreemoVR are usually created using open-source software for game developers (Huang et al.,
2020; Stowers et al., 2017). However, such tools might require optimization to make them
suitable for behavioral research. BonVision, created by Lopes et al, is an open-source
software package for creating and displaying 2D and 3D VR environments, compatible with
various display devices, equipped with a library of predefined 3D structures, and capable of
real-time control and automatic calibration of the virtual environment using deep neural
networks (Lopes et al., 2021). BonZeb, similarly based on the open-source visual
programming language Bonsai, is a specialized set of modular software packages designed
for high-resolution zebrafish behavioral tracking, both in head-fixed and free-swimming
virtual assays (Guilbeault et al., 2021). VR environments offer immense potential for
behavioral research, with tools like BonVision and BonZeb facilitating the generation of 2D
and 3D VR environments, real-time control, and precise calibration, all tailored for zebrafish
studies.

3.3. Calcium imaging coupled to behavior to study brain function

A distinct advantage of VR over traditional experimental setups is the possibility of
simulating a changing, moving environment while the fish remains fixed in place, allowing
for simultaneous microscopic imaging of brain activity together with behavioral assay. A
fictive swimming assay, developed by Masino and Fetcho for the analysis of spinal motor
patterns using electrophysiological recordings (Masino & Fetcho, 2005) was adapted for a
behavioral test in VR, where immobilized zebrafish larvae are placed inside a water-filled
chamber fitted with screens for projecting stimuli (Mu et al., 2019). Alternatively, specific
parts of the larval body, such as the tail and eyes, may be freed from agarose while still
maintaining immobilization (Jouary et al., 2016; Trivedi & Bollmann, 2013). When studying
behaviors that necessitate the use of adult fish, which cannot be easily immobilized in
agarose, methods include head fixation (Huang et al., 2020) or the use of custom-made
harnesses (Torigoe et al., 2021). In fictive swimming experiments, the firing of motor
neurons in the tail is monitored to quantify movement speed and direction, enabling precise
visual feedback (Masino & Fetcho, 2005; Ahrens et al., 2012; Mu et al., 2019). In instances
where the fish's tail remains mobile, swimming patterns can be predicted based on tail
curvature (Huang et al., 2020) or extrapolated from tail movements recorded during previous
free-swimming periods (Jouary et al., 2016). Unlike traditional setups, VR permits the
withholding or modification of visual stimuli, enabling the investigation of the fish's
responses to these alterations. For instance, Mu et al. explored how fish respond to repeated
futile movements and adapt their behavioral strategy in response to failure. The presented
visual pattern was abruptly halted while the fish continued to "move" (Mu et al., 2019). Ina
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study by Yang et al., which investigated the mechanisms of self-location and positional
homeostasis, artificial movement was played in reverse, creating the illusion of struggling
against a water current. This allowed an examination of how zebrafish react to perceived
displacement and maintain their position (Yang et al., 2022). These studies, elucidating
neuronal circuits underpinning specific motor behaviors, exemplify the capacity of VR to
facilitate in vivo brain imaging during simulated movements.

VR experiments involving fictive swimming allow for in-vivo, real time monitoring of
neuronal activity during a behavioral test. For this, two-photon microscopy is the most
suitable providing robust 3D resolution with minimal photo-damage. Additionally, the
infrared light used for excitation should not elicit visual responses in zebrafish (Renninger &
Orger, 2013), and therefore should not interfere with the behavioral assay. Vladimirov et al.
have developed an alternative approach for neuronal activity imaging during fictive
swimming. This setup was based on lightsheet microscopy in which one laser beam scanned
the brain from the front, imaging the forebrain between the eyes. At the same time, the
second beam scanned the fish from the side, switching off when it passed over the eye, thus
avoiding direct stimulation of the retina that would confound the results of the behavioral test
(Vladimirov et al., 2014). Other groups have also constructed behavioral testing chambers
coupled with imaging systems built to suit their particular needs. Vanwalleghem et al. placed
immobilized zebrafish larvae in a microfluidic device designed to deliver water flow stimuli,
and imaged them on a custom-built light-sheet microscope (Vanwalleghem et al., 2020).
Constantin et al. also utilized a custom-built light-sheet microscope to measure neuronal
activity in response to visual and auditory stimuli (Constantin et al., 2020). While the smaller
larval brain is more accessible for imaging, two-photon microscopy was also used to perform
calcium imaging during behavioral tests in adult fish (Huang et al., 2020; Torigoe ef al.,
2021). Huang et al. were able to visualize individual somata and neurites up to a depth of
>200 pm below the brain surface (Huang et al., 2020).

However, the methods described above require restraining the fish, which limits the range of
behaviors that can be studied or might result in unnatural movements. Immobilizing the head
causes reactive forces in the body that do not naturally occur during free swimming, and
restricts the movement to a horizontal plane, causing aberrant vestibular feedback. The
CaMPARI calcium indicator (described in section 3.1) allows for irreversible marking of
active cells during free swimming (Fosque et al., 2015). Furthermore, Kim ef al. have
devised a sophisticated tracking microscope system that incorporates a motorized stage with a
motion-cancellation mechanism that cancels brain motion in three dimensions enabling brain
imaging in freely-swimming fish (Kim ef al., 2017). The motion cancellation is coupled with
a differential illumination focal filtering (DIFF) microscopy approach, based on an earlier
technique called HiLo microscopy, described by Lim et al. HiLo microscopy used uniform
and spatially modulated illumination in a speckled or grid pattern and combined these raw
images resulting in an image of higher resolution (Lim et al., 2011). In DIFF microscopy, the
images are acquired with a pair of complementary grid illumination patterns (Kim et al.,
2017). This integrated system facilitates the continuous real-time imaging of neural activity
in the brain of freely swimming larval zebrafish for extended periods.
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3.4. Optogenetic approaches coupled to behavioral analysis

Optogenetic tools allow for specific and reversible manipulation of activity of selected
neurons in a living organism, enabling researchers to experimentally test the link between
neuronal activity and behavioral responses (Fig7). Moreover, the transparent zebrafish larvae
allow for non-invasive optogenetic modulation of neural activity throughout the brain
(Portugues et al., 2013). The cation channelrhodopsins (ChR1 and ChR?2), originally found in
the green alga Chlamydomonas reinhardtii, are among the most popular optogenetic tools.
They are light-activated cation channels that allow the passage of positively charged ions
upon light activation. They consist of rhodopsin, a seven-transmembrane helix protein with
covalently linked retinal, acting as the chromophore. Upon illumination with light of specific
wavelength, they generate action potentials in normally light-insensitive neurons which result
in activation of the neuronal circuit (Berthold et al., 2008; Nagel et al., 2003). Anion
channelrhodopsins are a type of optogenetic tool derived from microbial rhodopsins that are
able to inactivate neuronal circuit. When exposed to specific light spectrum, anion
channelrhodopsins open and enable the influx of negatively charged ions, primarily chloride
ions, into the target neurons, leading to hyperpolarization of the cell membrane and
suppression of neuronal activity (Mohamed et al, 2017). By expressing anion
channelrhodopsins in specific neurons and then illuminating them with the appropriate light,
researchers can inhibit neuronal firing and investigate the functional role of these neurons in
various physiological and behavioral processes in a precise and temporally controlled
manner. Both cation and anion channelrhodopsins have become valuable tools for studying
neural circuits and their functions in neuroscience research.

A toolkit of nine transgenic zebrafish lines expressing optogenetic actuators under UAS —
CoChR, CheRiff, ChR2y 34y, €Arch3.0, GtACRI1, GtACR2, Chronos, ChrimsonR and
eNpHR3.0 — was generated by Antinucci ef al., and tested using high-throughput behavioral
assays and in vivo whole-cell electrophysiological recordings, providing a resource for design
and calibration of opsin-expressing zebrafish lines in specific regions (Antinucci ef al., 2020).
These lines utilize the Gal4-UAS system for targeted opsin expression, and provide stable,
reproducible opsin expression levels across cells and generations. Optogenetic interrogation
of simple behaviors are done with modified microscopes or automated tracking systems that
include LED lights (Antinucci et al., 2020; Oikonomou et al., 2019). Concurrently, the
Raspberry Pi Virtual Reality (P1VR) system was purpose-built for the optogenetic stimulation
of unrestrained animals to study more complex behaviors. The PiVR platform offers the
capability to present virtual environments while automating behavioral tracking and
facilitating feedback based on the animal's behavioral responses. Optogenetic manipulations
are achieved through the use of a LED light source that remains focused on the animal during
its locomotion. Although this setup has been utilized in phototaxis experiments with zebrafish
larvae, it's important to note that to date the optogenetic component has been exclusively
tested in Drosophilla (Tadres & Louis, 2020).
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Figure 7. A. Schematic representation of the use of channelrhodopsins to activate neuronal
circuits with light-off (A) and light-on conditions (A’). B. Schematic representation of the use
of anion channelrhodopsins to inactivate neuronal circuits with light-off (B) and light-on
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conditions (B’).

In zebrafish, the photoactivation of ChR2 in somatosensory neurons or ear hair cells has been
demonstrated to elicit escape responses, as documented in multiple studies (Douglass et al.,
2008; Monesson-Olson ef al., 2014; Ozdemir et al., 2021). Notably, optogenetic manipulation
using ChR2 was also employed in Barker and Baier's research concerning responses to
moving dot stimuli, revealing that the activation of a specific subset of glutamatergic tectal
interneurons prompted an increased approach toward small-sized objects mimicking prey
(Barker & Baier, 2015). Recent investigations have further harnessed ChR2 to unveil two
distinct modules of hypothalamic dopaminergic neurons in zebrafish. These modules were
found to play pivotal roles in the initiation of locomotor activity, responsiveness to acoustic
stimuli, and the impact of olfactory cues on decision-making processes (Barrios et al., 2020).

GtACRI1 and GtACR?2 represent anion channelrhodopsins derived from the alga Guillardia
theta. These optogenetic tools have demonstrated their efficacy in inhibiting spontaneous
coiling movements in larval zebrafish, underscoring their utility for the optical modulation of
behavior in zebrafish larvae (Mohamed ef al., 2017). However, it is important to
acknowledge the limitations of GtACRs. Activation of these pumps in cells with elevated
intracellular chloride levels may result in depolarization. Also, they can induce neuronal
depolarization upon light cessation, potentially causing a burst of neural activity.
Additionally, there is uncertainty regarding their sustained functionality beyond a one-minute
time frame. Consequently, GtACRs are primarily suited for the observation of acute
processes confined to the duration of light application (Mohamed et al., 2017). Nonetheless,
as optogenetic inhibitors, GtACRs can serve as valuable controls alongside cation
channelrhodopsins. For instance, in a study by Cheng ef al., the identification of a nucleus in
the anterior thalamus that responds to light stimuli, subsequently evoking a response in the
habenula, was initially achieved by stimulating this nucleus with ChR2. This elicited
depolarization in the habenula and an increase in neuronal activity, as measured by GCaMP6f
fluorescence. Conversely, the application of GtACRI1 inhibited the light response and
disrupted phototaxic behavior, thereby confirming the nucleus's role in regulating habenula
function (Cheng et al., 2017).

Another approach to inhibit neuronal activity is the PAC-K silencer, based on photoactivated
adenylyl cyclases (PACs) and the small cyclic nucleotide-gated potassium channel SthK.
PAC-K acts as a light-controlled K" channel, allowing for controlled hyperpolarization of
neurons (Bernal Sierra et al., 2018). One advantage of the PAC-K silencer is that it is
sensitive to longer wavelengths of light compared to GtACRs. This can be beneficial because
longer wavelengths of light penetrate tissues more effectively, allowing for deeper and more
precise light activation in vivo. Also, the PAC-K silencer typically requires lower light
intensities for activation compared to GtACRs. This can be less phototoxic and reduce the
risk of heating in the tissue, which is important for long-term experiments or when studying
sensitive neural circuits. GtACRs and other anion channelrhodopsins are sensitive to
intracellular chloride levels. If a cell has high intracellular chloride concentrations, activating
GtACR may lead to depolarization rather than hyperpolarization. PAC-K is less affected by
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intracellular chloride levels, making it a more reliable tool in diverse cellular contexts (Bernal
Sierra et al., 2018). Anion channelrthodopsins like GtACR can sometimes cause
depolarization of neurons when the light is turned off. PAC-K may exhibit a reduced
off-response, making it more suitable for experiments, where the precise timing of inhibition
is crucial. PAC-K can also be activated for a longer duration compared to GtACRs, which
may be advantageous for experiments that require sustained inhibition of neural activity. The
choice between these optogenetic tools depends on the specific experimental requirements
and the characteristics of the neural circuit being studied.

Additionally, the combination of optogenetic circuit interrogation and calcium imaging has
been realized through the innovative work of Dal Maschio et al. They developed a
comprehensive protocol employing both ChR2 and GCaMP6s to facilitate concurrent 3D
two-photon optogenetic stimulation and calcium imaging. This study harnessed two-photon
computer-generated holography for photostimulation, leveraging a spatial light modulator to
project intricate illumination patterns. Additionally, the co-expression of photoactivatable
PA-GFP, ChR2, and GCaMP6s enabled the labeling and visualization of cells of interest,
providing insights into their morphology subsequent to functional characterization. This
methodology was instrumental in the identification of neuronal ensembles in the tegmentum
of larval zebrafish associated with the control of tail bending (Dal Maschio et al., 2017).
Until now, such experiments have usually been conducted on head-restrained zebrafish, and
optogenetic manipulation in freely swimming fish required full-field illumination, and in
consequence the generation of fish lines expressing the photosensitive proteins in the selected
brain region. However, Chai et al. have recently developed a system for targeted brain
imaging and optogenetics in freely-moving fish. The use of light-field microscopy allows for
rapid recording of neuronal activity. In addition to the GFP-based Ca2+ indicator, the fish
also expressed an activity-independent RFP, serving as a reference signal. By using this
reference channel alongside a machine learning-based image detection and registration
algorithm, researchers were able to correct Ca2+ signal artifacts caused by zebrafish
movements. The tracking system was also used to deliver photostimulation to the region of
interest previously chosen in the software, based on the ZBB atlas data (Chai et al., 2024).
This approach allows to study zebrafish brain activity during more naturalistic behavior than
possible in experimental setups requiring the restraining of fish.

3.5. In vivo electrophysiological studies of the zebrafish brain

The easily accessible zebrafish brain also allows for electrophysiological recordings. In
particular, multiple zebrafish models of epilepsy are used, in which the presence of seizures is
confirmed by recording of electrical discharges in the brain. Epileptic seizures in zebrafish
were first shown by Baraban using extracellular field recording. A microelectrode was
inserted several microns into the forebrain of larval zebrafish, and the electrical activity of the
brain was recorded, showing seizure-like discharges following the administration of
convulsant drugs, or in genetically modified fish carrying a mutation in the tsc/a gene,
associated with the disease Tuberous Sclerosis Complex, the symptoms of which include
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epilepsy (Baraban, 2013). Later, Eimon et al. have developed a platform for simultaneous
recording of local field potentials (LFP) in multiple fish, and have used it to analyze brain
activity in the zebrafish model of a different genetic disease resulting in epilepsy, Dravet
syndrome (Eimon et al., 2018). More recently, LFP recording has been combined with Ca**
imaging in order to map epileptiform activity in the brains of kcnjl0a morphant zebrafish as
well as fish treated with the proconvulsant drug pentylentetrazole (PTZ), and evaluate the
efficacy of the anti-epileptic drug valproate in these models (Cozzolino et al., 2020). In the
meantime, Pinion ef al. have analysed and catalogued electrographic signatures of LFPs in
zebrafish treated with different pro-convulsant agents, and compared these recordings with
the results of electrophysiological studies in mammals, further illustrating the translational
potential of zebrafish models for studies of epilepsy (Pinion ef al., 2022).

The utility of electrophysiological studies in zebrafish is not however limited to studying
epilepsy. In the previously mentioned study by Masino and Fetcho, foundational to
establishing the paradigm of fictive behavior, whole cell patch clamp recordings were taken
to measure the activity of motor neurons during the behavioral test (Masino & Fetcho, 2005).
Intracellular recordings of the Mauthner neurons, responsible for integration of sensory
information and evoking a motor response, were used to test the precise effect of commonly
used anaesthetics on different aspects of sensory processing, providing with a method to
evaluate potential novel anaesthetic compounds (Machnik et al., 2018). Vestibulospinal
neurons were targeted in voltage- and current-clamp recordings aimed to elucidate how the
larval zebrafish utilize vestibulospinal input to maintain posture. The use of these methods
revealed the role of both inhibitory and excitatory inputs in posture stabilization,
demonstrating the utility of zebrafish in studying the function of neuronal circuits,
particularly when, in contrast to mammals, they are more accessible for in vivo patch clamp
recording (Hamling ef al., 2023).

Hong et al. have developed a system for non-invasive, long-term electrophysiological
recording of zebrafish, through the use of a microfluidic system. The so-called Zebrafish
Analysis Platform (iZAP) involves a central chamber where multiple zebrafish larvae can
swim freely, and from there enter single channels where they become restrained. There,
multiple electrodes are positioned in contact with the head, and field potentials from the
dorsal side of the zebrafish forebrain, optic tectum, midbrain and hindbrain are measured.
This system was successfully validated through recording of PTZ-induced seizures in
zebrafish larvae, and allowed for nearly continuous 130 hour recording of brain activity — a
length of recording not possible with previously established, more invasive techniques,
requiring immobilization in agarose and penetrating electrodes. The iZAP system also allows
for changing of the medium without disturbing the larvae, making it useful for
high-throughput drug testing (Hong et al., 2016). More recently, Tomasello and Sive have
also developed a simple method of measuring brain and spinal cord activity in larval
zebrafish, based on a previously available microelectrode array from Axion Biosystems. This
system was validated by collecting LFP recordings from zebrafish larvae at 7 dpf, with the
anticonvulsant drug valproic acid used as a positive control for lowered brain activity. While
this method does involve immobilizing the fish in agarose, and therefore cannot be used for
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such extended periods of time as the iZAP method, it is a useful tool for non-invasive
electrophysiological recordings in live zebrafish, making use of an easy to use, commercially
available technology (Tomasello & Sive, 2020).

4. Discussion

While zebrafish are a valuable and versatile model organism for brain research, they do have
certain limitations that researchers should consider when designing experiments and
interpreting results. Zebrafish have a less complex brain compared to mammals. Some areas
of the brain found in mammals are absent or simplified in zebrafish. This means that findings
in zebrafish may not always directly translate to humans. Zebrafish behaviors are less
complex than those of humans, which can make it challenging to model complex behaviors
and cognitive functions in zebrafish. Zebrafish do not possess language or consciousness,
which makes it challenging to study brain functions related to these aspects of cognition and
behavior. While there is genetic homology between zebrafish and humans, there are also
significant differences in the genetic makeup. This can limit the extent to which zebrafish
findings can be extrapolated to mammals. Also, the small size of zebrafish can be a limitation
when conducting invasive experiments or when detailed anatomical or electrophysiological
measurements are required. Zebrafish have a relatively short lifespan compared to some other
model organisms, which can be a limitation when studying long-term processes.

While genetic tools for manipulating the zebrafish genome have advanced significantly, they
may not be as extensive as those available for other model organisms like mice. Zebrafish
research is still relatively young compared to research in mice and rats. This means that there
may be gaps in our knowledge, and some areas of zebrafish neuroscience are still emerging.
Despite these limitations, zebrafish remain a valuable tool in brain research, particularly in
areas related to early brain development, neural circuitry, and certain neurological and
neuropsychiatric conditions. One example of a success story in zebrafish research is a
discovery of an anti-seizure medication called clemizole. In a drug-repurposing study that
tested the approved medications in zebrafish model of pediatric epilepsy, Dravet syndrome,
clemizole was identified as a potent drug with anti-seizure actions with the use of
high-throughput behavioral tests and validation by electrophysiological recordings (Baraban
et al., 2013). This discovery was a foundation of clinical trials testing safety and efficacy of
clemizole as a treatment for Dravet syndrome, of which the phase II are to be completed by
the end of 2024 (NCT04069689, NCT04462770, ClinicalTrials.gov). They are often used in
combination with other model organisms to provide a more comprehensive understanding of
brain function and dysfunction. Researchers should carefully consider these limitations when
using zebrafish and design experiments to address specific questions that can be effectively
tackled using this model organism.
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Table. Tools for visualization of the neuronal activity live.

Name Targeted Fluorophor | Excitation/emi | Utility References
mechanism e ssion
wavelengths
GCaMP5G/ | Ca*" influx cpGFP** 488/507 Visualising Ahrens et al.,
6/7/8 neuronal 2013
activity Kedra et al.,
dynamics 2019
Shemesh et al.,
2020
Zhang et al.,
2023
jRCaMPla/ | Ca*" influx mRuby 558/605 Visualising Dana et al.,
1b neuronal 2016
jRGECOla [ Ca* influx mApple 568/592 activity
dynamics; can
be used
together with
GFP-based
sensor for
labelling
distinct cell
populations
CaMPARI2 | Ca*"influx EosFP* Green: Marking of Moeyaert et al.,
502/516 active 2018
Red: 562/577 | neuronal
populations
by
irreversible
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photoconversi
on
Ratiometric | Ca*"influx Two fluorophores that allow | Visualising Fan et al., 2007
cameleons FRET to occur between neuronal Tao et al., 2011
them activity
dynamics
compare to
the basal
levels of Ca*
Voltron/Volt | Membrane Janelia JF525: Detection of Abdelfattah et
ron2 potential Fluor525/5 | 525/549 action al., 2019
49/552/585 | JF549: potentials and | Abdelfattah et
549/571 subthreshold al., 2023
JF552: voltage
552/575 signals
JF585:
585/609
ASAPI1 Membrane cpGFP 488/507 St-Pierre et al.,
potential 2014
Silic et al, 2022
zArchonl Membrane GFP 488/507 Piatkevich et
potential al., 2018
Bo6hm et al,
2022
GRABp, Dopamine cpGFP 488/507 Visualising Sun et al., 2018
release and dopaminergic
uptake signaling
GRABy; Norepinephrine | cpGFP 488/507 Visualising Feng et al.,
release and norepinephrin | 2019
uptake ergic
signaling
GRAB:s 110 | Serotonin cpGFP 488/507 Visualising Wan et al., 2021
release and serotonergic
uptake signaling
iGluSnFR Glutamate cpGFP 488/507 Visualising Marvin et al.,
release and glutamatergic | 2013
uptake signaling

*FP = fluorescent protein; **cpGFP = circularly permuted GFP
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Summary

Mechanistic target of rapamycin complex 1 (mTORCI1) is an integration hub for extracellular
and intracellular signals necessary for brain development. Hyperactive mTORCI1 is found in
autism spectrum disorder (ASD) characterized by atypical reactivity to sensory stimuli,
among other symptoms. In Tuberous Sclerosis Complex (TSC) inactivating mutations in the
TSCI or TSC2 genes result in hyperactivation of the mTORC1 pathway and ASD. Here, we
show that lack of light preference of the TSC zebrafish model, zsc2"?*"?# is caused by
aberrant processing of light stimuli in the left dorsal habenula and zsc2"?****? fish have
impaired function of the left dorsal habenula, in which neurons exhibited higher activity and
lacked habituation to the light stimuli. These characteristics were rescued by rapamycin. We
thus discovered that hyperactive mTorC1 caused aberrant habenula function resulting in lack
of light preference. Our results suggest that mTORCI1 hyperactivity contributes to atypical
reactivity to sensory stimuli in ASD.

Key words: atypical reactivity to sensory stimuli, autism spectrum disorder, n"TORC1
hyperactivation, habenula, Tuberous Sclerosis Complex (TSC)
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Introduction

Mechanistic target of rapamycin complex 1 (mTORCI1) is an integration hub for extracellular
and intracellular signals that controls cell homeostasis by regulating translation, protein
degradation, transcription, and cytoskeleton dynamics'. mTORC] is necessary for proper
brain development and coordinates proliferation, migration, differentiation, synaptogenesis,
and neuronal activity'. Hyperactivation of mTORCI is a hallmark of many developmental
diseases linked to an increased risk of developing autism spectrum disorder (ASD), including
fragile X syndrome, Angelman syndrome, PTEN-associated ASD or tuberous sclerosis
complex®**°, Additionally, dysregulation of mMTORC1-dependent signaling has been reported
in cases of non-syndromic ASD, both in animal models as well as patients®”*°. ASD has a
prevalence of 1% in general population and its symptoms include social deficits, atypical
reactivity to sensory stimuli, repetitive behaviors, and speech delay'’.

Tuberous Sclerosis Complex (TSC) is an exemplary genetic disease with mTORCI1
hyperactivation. Inactivating mutations in the 7SC/ or TSC2 genes cause lack of functional
TSC1-TSC2 complex and result in hyperactivation of the mTORCI1 pathway'. Patients with
TSC suffer from epilepsy, benign tumors, and TSC-associated neuropsychiatric disorders
(TANDs). TANDs include ASD and do not fully correlate with tumor or seizure burden'.
Approximately 40% of the TSC patients develop ASD, which makes TSC the most frequent
hereditary cause of ASD'?. However, the underlying pathomechanisms of the TSC-associated
ASD are still obscure.

Aberrant sensory processing leading to “sensory overload” is a hallmark of ASD"®, however,
the mechanism underlying this deficit is not fully understood. Individuals with ASD often
attempt to avoid visual stimulation'* and show high levels of mTORCI1 activity®*>757,
Here, we investigated light processing in the light preference paradigm in the zebrafish model
of TSC" to identify mTorC1 as an underlying cause for aberrant activity of the left dorsal
habenula (LdHb) and for atypical response to light in the light-preference test. Our results
show that mTORC1 hyperactivity underlies atypical reactivity to light stimuli in TSC and
link sensory deficits seen in TSC patients suffering from ASD with hyperactive mTORCI.

Results

The tsc2"?****?2 mutants lack light preference behavior

It has been long reported that adult zebrafish, presented with a choice between a black and
white chamber, exhibit a strong dark preference'®. It has also been shown that in a light/gray
choice, adult zebrafish prefer the less brightly lit chamber, while in a gray/dark choice, they
show no preference, and spend equal amounts of time in both chambers. This avoidance of
bright light by the adult zebrafish has been linked to anxiety, as it was attenuated by known
anxiolytic compounds. However, in the case of larval zebrafish placed in a light/dark choice,
one- and two-week-old fish have shown preference for the light compartment, suggesting that
a reversal of the light/dark preference behavior occurs during development. Although the
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precise mechanism underlying this choice reversal is not known, it has been established that
wild-type adult zebrafish show light avoidance, while wild-type larval zebrafish show light
preference'’. The light-preference assay measures anxiety by comparing times spent in the
light and dark compartments. Increased preference for light of zebrafish larvae is indicative
of anxiety-like behavior. We have previously shown that the tsc2'?**"?> mutant zebrafish
exhibit anxiety-like behavior and have elevated cortisol levels'®. However, in the
light-preference assay, the zsc2"?**** fish exhibited decreased light preference compared to
wild-type (wt) siblings, which strongly preferred the light compartment (Figure 1A-B). The
total time moving was similar among genotypes (Figure 1D). The lack of light preference of
the tsc2"?#"?#2 fish was not prevented by pretreatment with anxiolytic drug ANA-12 (Figure
1B-C, Figure S1A). We have shown before that ANA-12 rescued anxiety-like behaviors of
the zsc2*?# fish'®, Thus, the lack of light preference was not likely to be associated with
anxiety. Moreover, the tsc2"?*"?* mutants did not have major developmental defects (Figure
S1B) or visual problems as they responded to light changes similarly as siblings in the
sudden-light-changes assay (Figure S1C-E). The lack of preference for light of the
tsc2v#u242 fish was also not changed by treatment with an anti-epileptic drug vigabatrin
(VGB) (Figure 1B-C). Interestingly, the pretreatment with a direct mTorC1 inhibitor
rapamycin reversed the aberrant light response of the #sc2™?"?# mutants in the
light-preference test (Figure 1B-C). These results led us to the hypothesis that hyperactive
mTorC1 underlies the lack of light-preference of the zsc2"#*"?# fish.
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Figure 1. Light-preference test in zsc2"*# fish.

(A) Exemplary tracks of tsc2"?* fish from the light-preference test. (B) Light-preference
index of zsc2"?* fish after various treatments (¢sc2"?*"?# vs. tsc2*"*: p = 0.0009 for DMSO,
p = 0.588 for rapamycin (RAPA), p = 0.005 for ANA-12, p = 0.044 for vigabatrin (VGB); for
tsc2"2#242 treated with DMSO vs. RAPA p = 0.048). The dots on the boxplots represent the
number of fish in the experiment (N > 10 per experimental group, except VGB #sc2" where
N = 6). (C) Exemplary tracks of tsc2"**** mutant treated with RAPA, ANA-12, or VGB
from the light-preference test. (D) Cumulative activity of tsc2"?* fish during the
light-preference test. The dots on the boxplots represent the number of fish in the experiment
(N > 10 per experimental group, except VGB #sc2™* where N = 6). (E) Light-preference
index of wt fish without lesions and with lesion of left (LHb) or right (Rhb) habenula
(unlesioned vs. lesion of the left habenula: p =0.019, lesion of the left habenula vs. lesion of
the right habenula: p = 0.009). The dots on the boxplots represent the number of fish in the
experiment (N > 10 per experimental group). See also Figure S1.

2vu242/vu242

Neurons in the left dorsal habenula of #sc mutants show mTorCl1

hyperactivation and aberrant response to light stimuli

The lack of light preference of the tsc2™*** fish, otherwise exhibiting increased
anxiety-like behaviors, can be indicative of impaired sensory processing of the light stimulus.
Habenula integrates various stimuli and regulates light-preference behavior'**%?'. We also
confirmed that impairment of LdHb results in a lack of light preference in wt zebrafish
(Figure 1E, Figure S1F). To test for mTorC1 hyperactivation in habenulae of the tsc2"#2#
mutants, we checked phosphorylation levels of mTORC1 downstream target: ribosomal
protein s6 (Rps6). We found that the number of cells positive for phosphorylated Rps6
(pRps6) in the tsc2"?*2#2 mutants was increased specifically in the left dorsal habenula
(LdHb) compared to wt siblings (Figure 2A-B). Also, the pRps6 intensity levels per cell were
higher in the tsc2"?*"*?*> LdHb neurons than in the wt fish (Figure 2C). The pRps6 levels
were decreased after rapamycin pretreatment in both zsc2?*"?*2 and wt siblings (Figure

2A-C).
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Figure 2. mTorC1 activation in zsc2"** fish habenulas.

(A) Representative optical sections through habenula of zsc2"?*?#? fish and their wild-type
tsc2™* siblings at 5, 10, 15, and 20 pm from the top. pRps6 — yellow, nuclei — blue. L — left
habenula, R — right habenula, P — pineal complex. Scale bars, 20 um. (B) Number of
pRps6-positive cells in LdHb of zs¢2"?# fish (5 pm: sc2™2#?#2 control vs. tsc2** control p =
0.004 and vs. tsc2"?*"?# treated with RAPA p = 1.038 x107%; 10 um: tsc2"?***?*? control vs.
tsc2'"" control p = 4.656 x10” and vs. tsc2"***"?* treated with RAPA p = 1.038 x107%; 15 pm:
tsc2"##242 control vs. tsc2* control p = 1.584 x107 and vs. tsc2"?**?* treated with RAPA
p = 1.038 x107%; 20 um: tsc2"?*"2* control vs. tsc2"* control p = 0.004 and vs. tsc2"?#2#
treated with RAPA p = 1.038 x107). The dots on the boxplots represent the number of fish in
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the experiment (N > 10 per experimental group). (C) Quantification of mean intensity of
pRps6 fluorescence from LdHb of sc2"*# fish (5 um: zsc2"?#?* control vs. tsc2*"* control
p = 0.0051 and vs. tsc2"?*™?# treated with RAPA p = 1.0912 x107; 10 pym: tsc2"2#2#
control vs. tsc2"* control p = 0.0017 and vs. tsc2"***"?* treated with RAPA p = 1.0912 x107,
15 pm: #sc2"?#2#% control vs. tsc2™* control p = 0.001 and vs. tsc2?*"?#? treated with
RAPA p = 1.0912 x107; 20 um: tsc2™?*"2* control vs. tsc2** control p = 0.0007 and vs.
tsc2v#u4 treated with RAPA p = 1.0912 x107). The dots on the boxplots represent the
number of fish in the experiment (N > 10 per experimental group).

LdHb contains light-responsive neurons and is responsible for mediating light-preference
behavior in zebrafish larvae'®*'. We performed 3D time-lapse imaging of the activity of LdHb
neurons in Tg(HuC:GCaMP5G);tsc2"** expressing GCaMP5G calcium indicator under
neuron-specific promoter. The single-cell analysis revealed that neuronal activity in LdHb
was increased in tsc2?*?*? compared to wt siblings (Figure 3A-D). With analysis of
neuronal activity dynamics across time, we discovered that the activity of light-responsive
neurons in the most dorsal layers increased after light stimulation in the wt LdHb but
decreased over time, indicative of habituation to constant light stimulus. In contrast, the
activity of neurons in the zsc2"?**?*? LdHb was lower at the initial stimulation but increased
over time (Figure 3C-D, Figure S2). Rapamycin pretreatment normalized neuronal activity of
the tsc2™##?# 1 dHb (Figure 3E-F, Figure S2) implicating mTorC1 hyperactivation in the
aberrant LdHb activity.
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Figure 3. Neuronal activity in LdHb of zsc2"?* fish.

(A) Representative images of neuronal activity in the habenulae of tsc2"?# fish at 10 pm
from the top. Scale bars, 20 um. (B) Cumulative activity of the tsc2"** LdHb for all the
layers of LdHb (5 pm: #5222 control vs. tsc2™" control p = 6.528 x10* and vs.
tsc2v#u42 treated with RAPA p = 5.958 x107%; 10 um: tsc2"?#*"?*? control vs. tsc2**
control p = 1.1232 x10™* and vs. tsc2"?*"** treated with RAPA p = 1.625 x10™*"; 15 pm:
tsc2"##242 control vs. tsc2** control p = 5.928 x107! and vs. ts¢2"?#*"?# treated with RAPA
p = 4.68 x10°% 20 pm: tsc2™?*"?# control vs. tsc2** control p = 1.104 <10 and vs.
tsc22#242 treated with RAPA p = 5.958 x107*). Dots on boxplots represent single cells. (C)
Neuronal activity change over time in the fsc2"?* LdHb at 10 um from the top. (D)
Normalized mean GCaMP5F fluorescence over time in the tsc2?* LdHb at 10 um from the
top. (E) Neuronal activity change over time in the sc2"?*"?*> mutant’s LdHb at 10 um from
the top after RAPA pretreatment. (F) Normalized mean GCaMP5F fluorescence over time in
the tsc2"?*"?*? mutant’s LdHb at 10 um from the top after RAPA. (C-F) The mean with SD is
shown in black.

7 fish per genotype per treatment were analysed (N = 7 per experimental group). See also
Figure S2.
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mTorC1 hyperactivation in the left dorsal habenula causes lack of light-preference
behavior of the ts¢2™?****# fish

To address further the involvement of hyperactive mTorC1 in LdHb in controlling light
preference behavior of the tsc2"?#*****2 mutants, we microinjected rapamycin directly into the
left habenula to locally inhibit mTorC1. The singular injection at 4 dpf did not change
mTorC1 lactivation levels at 5 dpf (Figure S3A), thus we injected rapamycin on two
consecutive days, at 3 dpf and 4 dpf (Figure S3B-C) and then we tested the injected fish for
light preference at 5 dpf. The vehicle-injected tsc2"?**** fish showed lack of light
preference behavior similarly to uninjected mutants and rapamycin injection rescued this
impairment (Figure 4A-D, Figure S3). The tsc2"* fish showed normal habenula morphology
after injections and similar duration of activity during the light-preference test (Figure
S3C-D). Analysis of fish activity over time showed that the light-preference index of the
tsc2™##42 mutants decreases over time during first two minutes of analysis (Figure 4D)
indicating that they have high preference for dark compartment or aversion to light. After 200
s, the light-preference index of the zsc2**"?* fish increased slightly but still stayed at the
negative level (Figure 4D). This impairment was rescued by rapamycin injection into the
LdHb.

The left habenula receives afferent inputs from the eminentia thalami (EmT), the pallium
through stria medullaris (SM), and from the right habenula through the habenula commissure
(HC)". Therefore, we investigated the development of these afferents in the #sc2"2##
mutants as their alterations could facilitate impaired LdHb function. The EmT fibers that
innervate LdHDb are calretinin-positive, thus, we checked anti-calretinin immunofluorescence
in the LdHb in whole-mount brain preparations. We determined that the mean intensity of the
anti-calretinin signal was similar across genotypes (Figure 4E), suggesting proper innervation
of LdHb by EmT in the #sc2™?*?* fish. The immunofluorescence staining against
acetylated Tubulin (AcTub) revealed that the lateral input to habenulae through SM was not
significantly changed in tsc2™##?* compared to wt (Figure 4F). However, the HC was
thinner in the zsc2"?#*"?#? fish compared to the wt siblings, and pretreatment with rapamycin
reversed this to its proper width (Figure 4G-H) indicating that the right habenula input to
LdHb may be involved in the LdHb aberrant function.
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Figure 4. Rapamycin injections to the left habenula and afferent connectivity of LdHb
in zsc2"** fish.

(A) Exemplary tracks of the tsc2?* fish injected to the left habenula with NaCl from the
light-preference test. (B) Exemplary tracks of the zsc2™?* fish injected to the left habenula
with 1 uM rapamycin (Rapa) from the light-preference test. (C) Light-preference index of the
tsc2"?* fish after injections to the left habenula (£sc2"?*"2% ys. tsc2**: p = 0.00015 and vs.
tsc2™": p = 0.006 for NaCl, p = ns for rapamycin (RAPA); tsc2"?*?*?*# fish injected with
RAPA vs. NaCl: p = 0.0275). The dots on the boxplots represent the number of fish in the
experiment (N > 10 per experimental group). (D) Analysis of light-preference index over
time of the #sc2™?* fish after injections to the left habenula (data presented as mean + SD).
(E) Mean intensity of calretinin fluorescence in the left habenulae of the zsc2'?* fish. The
dots on the boxplots represent the number of fish in the experiment (N > 10 per experimental
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group). (F) Width of SM in the #sc2"** fish brains. The dots on the boxplots represent the
number of fish in the experiment (N > 10 per experimental group). (G) Representative
horizontal optical sections through HC (outlined) of the #sc2™?* fish (projection of 8
z-stacks). Scale bars, 20 pm. (H) HC width of the #sc2"?# fish (tsc2"?*"?# vs. tsc2**: p =
0.002 for DMSO, p =0.011 for RAPA). The dots on the boxplots represent the number of fish
in the experiment (N > 10 per experimental group). See also Figure S3.

Discussion

We have shown that aberrant activity of the LdHb neurons was associated with
hyperactivation of the mTorC1 pathway and decreased light preference in the tsc2v#\#
mutants. The involvement of mTORCI1 in neuronal activity is well documented and
hyperactive mTORCI consistently produces neuronal hyperexcitability and seizures®*. The
increased neuronal activity of LdHb neurons in tsc2"™?*%**?*? can be indicative of decreased
activation threshold which is seen in the pallium of #sc2"?*?** and is responsible for
seizures'®. However, anti-epileptic VGB did not rescue light-preference behavior and
rapamycin did reverse both, increased neuronal activity of LdHb neurons and light-preference
behavior in the tsc2™?*?* fish, suggesting that LdHb activity is not induced by seizures.
Instead, hyperactive mTorC1 causes aberrant LdHb function and impairs sensory integration
resulting in the lack of light preference of the tsc2"?*****? fish. LdHb integrates light stimuli
from EmT and the right habenula with other inputs to produce light-preference behavior. In
older zebrafish larvae, deactivation of LdHb by botulinum toxin decreased light preference,
and activation of LdHb by optogenetic approach resulted in a preference for light in the wt
zebrafish?'. We also confirmed that deactivation of the left habenula decreases preference for
light in the wt fish. In the tsc2"?**?# fish, however, the LdHb activity is impaired — low at
initial stimulation, but increasing in time. It suggests that the threshold for activation may be
higher but results in higher neuronal activity when crossed or that the habituation to the light
stimulus is impaired. This in turn may cause aversion to the light stimulus and result in lack
of light-preference behavior. It is possible that intracellular signaling pathways are
abnormally functioning due to hyperactive mTorC1 and therefore the synaptic inputs to LdHb
in the £sc2"2#%2%2 figh are not integrated properly or timely.

However, caution should be taken when administering rapamycin or rapamycin derivatives
(sirolimus and everolimus) to ASD patients without diagnosed genetic mutation linked to
mTORCI1 hyperactivity and we suggest that the levels of mTORCI1 activation should be
checked beforehand as rapamycin may exert some toxic effects. We have observed that after
rapamycin treatment, wt fish loose the light preference while the tsc2"?****? mutant fish
show restored light-preference behavior. Rapamycin was previously reported to have
deleterious effects on wt animals®. Rapamycin treatment resulted in highly exaggerated
neuronal activity induced by kainic acid and induced brain morphology changes in wildtype
rats*. Also in patients, rapamycin derivatives (sirolimus and everolimus), which are often
used in cancer or after transplantation, exerted adverse effects when administered
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systemically?**?’. Consistently with this data, our results also show smaller habenulas after
treatment with rapamycin. However, the loss of light preference of wt fish after rapamycin
pretreatment may not have been associated with habenula function as the neuronal activity of
habenular neurons was not distinguishable from wt fish treated with vehicle. Our results
strongly link atypical sensory reactivity to light with hyperactive mTorC1 and suggest that
rapamycin derivatives can be used to prevent atypical reactivity to sensory stimuli in ASD
with hyperactivated mTorC1.

Limitations of the study

Modeling human diseases in zebrafish offers numerous advantages due to their genetic
similarity and ease of manipulation, however, there are also limitations to consider. Zebrafish
have a simpler nervous system and behavioral repertoire compared to humans. While they
can display basic behaviors like response to light or movement, studying complex cognitive
or emotional behaviors that are relevant to human psychiatric disorders such as ASD is
challenging. Zebrafish may also metabolize drugs differently than humans, which can affect
the efficacy and toxicity of potential treatments studied in zebrafish models. This can
complicate translation of findings to human clinical trials. Zebrafish embryos develop
externally, which allows for easier observation of development but the placental environment
may serve a very important role in fetal brain development concerning ASD and TSC. Many
human diseases are multifaceted and involve interactions between genetic, environmental,
and lifestyle factors. Zebrafish models may oversimplify these interactions due to their
controlled laboratory environment. Despite these limitations, zebrafish remain a valuable
model organism for studying certain aspects of human disorders, especially in areas like
developmental biology, genetics, and basic biological processes. Complementary studies
using other model organisms and human cell-based assays are needed to validate findings and
bridge the gap between zebrafish research and clinical applications.
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STAR Methods
Key Resource Table
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-acetyl-Lys40-Tubulin GeneTex Cat# GTX16292;
RRID:AB 2887530
Rabbit polyclonal anti-Calretinin SWant Cat# 7697,
RRID:AB 2721226
Rabbit polyclonal anti-pRps6 (Ser235/236) Cell Signaling Cat# CS4858;
Technology RRID:AB 916156
Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary | Thermo Fisher Cat# A-11004;
Antibody, Alexa Fluor™ 568 Scientific RRID:AB 2534072

Thermo Fisher

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Scientific
Antibody, Alexa Fluor™ 488

Cat# A-11008;
RRID:AB 143165

Chemicals, peptides, and recombinant proteins

KCl (potassium chloride)
CaCl2 (calcium chloride)
MgCI2 (magnesium chloride)

ANA-12 Sigma- Cat# SML0209
Aldrich/Merck

Dimethyl sulfoxide Sigma- Cat# D8418
Aldrich/Merck

E3 medium (for neuronal in vivo models): Chempur

NaCl (sodium chloride) Cat# 117941206

Cat# 117397402
Cat# 118748703
Cat# 116120500

Formaldehyde Sigma- Cat# 47608
Aldrich/Merck

Glycerol Sigma- Cat# G5516
Aldrich/Merck
Sigma- Cat# 9023
Aldrich/Merck

Goat serum

Heparin sodium salt from porcine intestinal mucosa Sigma- Cat# H3149
Aldrich/Merck

Phenol Red Sigma- Cat# P0290
Aldrich/Merck

Rapamycin Sigma- Cat# 553210
Aldrich/Merck
A&A Biotechnology Cat# 2008

RT PCR Mix EvaGreen®
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Thermo Fisher Cat# R0801

TopVision low melting point agarose Scientific

Tricaine Sigma- Cat# E10521
Aldrich/Merck

Triton™ X-100 Sigma- Cat# T8787
Aldrich/Merck

Tween®20 Sigma- Cat# P1379
Aldrich/Merck

Vigabatrin Sigma- Cat# V8261
Aldrich/Merck

Deposited data

Raw and analyzed data | This paper | N/A

Experimental models: Organisms/strains

Zebrafish: mixed wild-type strain AB/ TL Zebrafish Core ZFIN:ZDB-GENO-

Facility, International
Institute of Molecular

031202-1

and Cell Biology in
Warsaw
Zebrafish: Tg(HuC:GCaMP5G);tsc2"24/* Kedra et al. N/A
Zebrafish: tsc2"24* Kim et al. RRID:ZFIN_ZDB-
GENO-180906-3
Zebrafish: tsc2"24/ V242 Kim et al. RRID:ZFIN_ZDB-

GENO-190115-9

Oligonucleotides
Primer tsc2 for HRM genotyping, Forward: Doszyn et al. N/A
GAGACCTGCCTGGACATGAT
Primer #sc2 for HRM genotyping, Reverse: Doszyn et al. N/A
CTTGGGCAGAGCAGAGAAGT
Software and algorithms
Fiji Schindelin et al. https://fiji.sc/
R4.3.2 R Foundation for https://www.R-proje
Statistical Computing | ct.org
RStudio Posit Software, PBC https://posit.co/dow
nload/rstudio-deskto
p/
Zebral.ab version 3.22 ViewPoint Behavior https://www.viewpoi
Technology nt.fr/product/zebrafi
sh/fish-behavior-mo
nitoring/zebralab
ZEN2014 SP1 (black edition) Zeiss https://www.micro-s

hop.zeiss.com/en/us/
softwarefinder/softw
are-categories/zen-bl

ack

Other




Neutral grey ND4 — 0.6, Medium size
Neutral grey ND8 — 0.9, Medium size

Cokin CREATIVE light-absorbing photographic filters:

Cokin

Cat# P153
Cat# P154

Borosilicate glass capillaries 0.75 mm inner diameter

Sutter Instruments

Cat# BF150-75-10

Lightsheet Z.1 microscope

Zeiss

https://www.zeiss.co
m/microscopy/en/pr
oducts/light-microsc
opes/light-sheet-mic
roscopes.html

ZebraBox

ViewPoint Behavior
Technology

https://www.viewpoi
nt.fr/product/zebrafi
sh/fish-behavior-mo
nitoring/zebrabox

Resource availability

Lead contact
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Justyna Zmorzynska (j.zmorzynska@imol.institute).

Materials Availability

This study did not generate new unique reagents. The fish mutant and transgenic lines are
protected under material transfer agreement with the institutions that generated the lines.
Upon appropriate agreement with these institutions, they can be requested from the Lead
Contact.

Data and code availability

* Data: All data is included in the manuscript. Microscopy data reported in this paper will be
shared by the lead contact upon request.

* Code: This paper does not report original code.

 Additional information: Any additional information required to reanalyze the data reported
in this paper is available from the lead contact upon request.

Experimental Model and Study Participant details

Zebrafish breeding and genotyping

The following lines were used: tsc2"??* ' wild-type (mixed strain AB x TL), and
Tg(HuC:GCaMP5G);tsc2"?** 1828 Adult and larval zebrafish were bred according to
international standards. Zebrafish larvae used in this study were up to 5 dpf and had no
specified sex yet. All experiments performed were conducted in accordance with the Act of
15 January 2015 on the protection of animals used for scientific and educational purposes,
Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010
on the protection of animals used for scientific purposes and were approved by the Animal
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Weltare Commission of the [IMCB. The larvae were genotyped by PCR and high resolution
melting technique using primers listed in the KeyResource Table'™. Genotyping was
performed after collection of behavioral or imaging data in live experiments or after
collection of zebrafish heads for immunofluorescence (the tails were used for genotyping).
Offspring of at least two parental pairs were used in each experiment.

Drug treatments

To prepare stock solutions, drugs were dissolved in E3 (5 mM NaCl, 0.17 mM KCl, 0.33 mM
CaCl,, 0.33 mM MgSO,) or dimethylsulfoxide (DMSO) and were further diluted in E3 or in
NaCl (for injections into the habenula). Drugs were administered directly into E3 with the
same number of dechorionated fish. Treatments included: 200 nM rapamycin
(Sigma-Aldrich/Merck, #553210) from 2 days post-fertilization (dpf), 50 nM ANA-12 or 60
uM VGB (both from Sigma-Aldrich/Merck, Darmstadt, Germany) 24 hours before the
behavioral test. For injections into the habenula, 1 UM rapamycin was used.

Method details

Light-preference assay

Light-preference test was performed using live monitoring system Zebrabox (Viewpoint).
One fish at a time was tracked in a Petri dish with half of a dish covered with light-absorbing
photographic filters (ND4+NDS, Cokin.com) to produce darkness. Tracking was done for 8
min'®. Lack of movement of the tsc2"?***> mutants was mapped to non-motor seizures
before'®, thus, not moving fish were excluded from the analysis. The light preference index
was calculated as cumulative time spent in the dark compartment subtracted from cumulative
time spent in the light compartment and divided by the total time of movement
((L-D)/(L+D)) as previously?'.

Habenula lesion

A borosillicate glass capillary (0.75 mm inner diameter, Sutter Instruments) was heat-pulled
to obtain a micropipette with an open tip of ~15 pm. At 4 dpf, fish were sedated with 0.01%
Tricaine (E10521, Sigma-Aldrich) and immobilized in 1% low-melting point agarose
(Thermo Fisher Scientific) with head facing up. The habenulae were lesioned with the
micropipette under a microscope to visualize the region with high accuracy. After 3-4 hours,
the fish were freed from agarose and moved to E3 medium without Tricaine. At 5 dpf, the
fish were tested for light preference and then fixed in 4% formaldehyde for habenula
morphology analysis.

Whole-mount immunofluorescence

Heads of zebrafish larvae were fixed in 4% formaldehyde at 5 dpf (overnight at 4°C).
Samples were bleached in freshly prepared 3% KOH, 1% H,O, solution, permeabilized with
PBS containing 0.2% Triton X-100, 20% DMSO, and 0.1% Tween-20, blocked with 3%
bovine serum albumin and 10% goat serum, incubated with primary antibodies (anti-pRps6
antibody (Ser235/236), 1:200, CS4858, Cell Signaling Technology, RRID:AB 916156;
anti-calretinin, 1:400, CR7697, Swant, RRID:AB_2721226; anti-acetyl-Lys40-tubulin, 1:100,
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GTX16292, Genetex, RRID:AB 2887530) in PBS-Hep solution (PBS suplemented with
0.2% Tween-20 and 10 pg/ml heparin) at room temperature for 72 hours, washed overnight
with PBS-Hep, incubated with secondary antibodies (goat anti-mouse Alexa Fluor 568,
1:1000, or goat anti-rabbit, Alexa Fluor 488, 1:1000, both from Thermo Fisher Scientific) in
PBS-Hep for 48 hours, washed again, and mounted.

Microinjections into the habenula

A borosillicate glass capillary (0.75 mm inner diameter, Sutter Instruments) was heat-pulled
to obtain a micropipette with an open tip of ~3 um. The drop was set to 0.5 nL. At 3 and 4
dpf, fish were sedated with 0.01% Tricaine (E10521, Sigma Aldrich) and immobilized in 1%
low-melting point agarose (Thermofisher Scientific) with head facing up. Then the solutions
(0.9% NaCl or 1 uM rapamycin, containing 0.05% Phenol Red (Sigma-Aldrich) for
visualization) were microinjected into the left habenula — the micropipette was inserted
between the habenula and the blood vessel surrounding it. 4 drops were administered with 20
sec intervals. After 3-4 hours, the fish were freed from agarose and moved to E3 medium
without Tricaine. At 5 dpf, the fish were tested for light preference and then fixed in 4%
formaldehyde for whole-mount immunofluorescence.

Imaging

Images were acquired using a Zeiss Lightsheet Z.1 microscope (40« water immersion
objective, NA = 1.3) at 1024 x 1024 pixel-resolution. Z-stacks of the images were taken with
an interval of 0.5 pum for fixed samples and 1 um for live imaging. The 3D time-lapse images
were recorded every S5s for 2 min. at 28.5°C at 4 dpf. Time-lapse images included both
habenulae and had an approximate range of 100 pm.

Quantification and Statistical analysis

Image analyses

Image analyses were performed using Fiji software. For pRps6, AcTub, and calretinin
measurements, regions of interest (ROIs) were drawn manually and cell size, fluorescence
intensity, or fiber width were measured using the measurement tool. For neuronal activity
analysis, drift correction was performed using the Tischer script embedded in the Fiji
software, ROIs were applied manually, measured using the measurement tool in Fiji, and then
the fluorescence intensity and derivative (deltaF/F0, where FO is the minimal intensity value
of the cell) were calculated with Rstudio (cran.r-project.org; rstudio.com). All LdAHb neurons
from 7 fish per genotype per treatment were included in the analysis.

Statistical analysis

No predetermination of sample sizes was performed because the number of each genotype
could not be predicted due to the random distribution and the early lethality of homozygotes
(as previously reported'®). Equality of variance and normality of residuals were assessed
using Levene’s test and Shapiro-Wilk test, respectively. Because these assumptions were not
met, data were analyzed by Kruskal-Wallis test with post-hoc Wilcoxon test to correct for
multiple comparisons. The adjusted p < 0.05 was considered statistically significant. Data are
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presented as medians using boxplots with dots representing data points. Data points outside
of boxplots and their whiskers are outliers. In majority of analyses, number of dots represent
number of animals included (1 dot is 1 fish) — except for single-cell calcium imaging analysis
where 7 fish per genotype per treatment were included. Adjusted p-values are reported on
figures with * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. In
most cases, randomization and blinding was assured by lack of knowledge about the
genotypes while performing the experiments or collecting the fish for immunofluorescence.
All data were analyzed with Rstudio.
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Supplementary Figure S1, related to Figure 1. Light-preference test in zsc2"** fish.

(A) Light-preference index of #sc2”* sibling controls and tsc2"** mutants with
comparison statistics between treatments (zsc2"*: p = 0.013 for ANA-12 vs. RAPA, the rest
— ns; tse2"?**: p = 0.036 for control vs. RAPA, p = 0.027 for control vs. VGB, p = 0.036
for ANA-12 vs. RAPA, p = 0.036 for ANA-12 vs. VGB). (B) Gross morphology of tsc2"#
fish. dpf — days post-fertilization. (C) Mean activity over time for zsc2"?* fish after sudden
changes in light conditions, showing proper responses to light changes: hyperactivity in the
dark phases and freezing behavior in the light phase. (D) Mean activity over time for
tsc2"?* fish treated with rapamycin after sudden changes in light conditions, showing
proper responses to light changes: hyperactivity in the dark phases and freezing behavior in
the light phase. (E) Mean activity over time for zsc2"?* fish treated with ANA-12 after
sudden changes in light conditions, showing proper responses to light changes:
hyperactivity in the dark phases and freezing behavior in the light phase. (F) Exemplary
bright-field images of habenulas morphology after lesions (taken at 4 dpf). The white
dashed lines represent boundary between the optic tectum and the frontbrain, white arrows
point the sites of the lesion, the black arrows point the midbrain boundary (between
hemispheres). Left habenulas were colored in yellow and the right habenulas — in blue.
Black patches are melanophores. Scale bars 20 pm.
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Supplementary Figure S2, related to Figure 3. Neuronal activity in LdHb of #s¢224%+#*#
fish and their wt siblings.

Neuronal activity change over time in the zsc2** and tsc2"?**?# LdHb at 5, 10, 15, and 20
um from the top. In black — mean with SD.
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Supplementary Figure S3, related to Figure 4. Rapamacin injections to the left habenula
and afferent connectivity of LdHb in #sc2"*# fish.

(A) Exemplary images of P-Rps6-immunofluorescence intensity at the habenulae of the
tsc2™##?242 fish and their wild-type tsc2*" siblings after injections with rapamycin or NaCl
at 4 dpf only. Injection at 4 dpf did not change P-Rps6 levels in the left habenula of the
tsc2"##242 mutant fish. Scale bars, 20 pm. (B) Timeline of the experiment of rapamycin
injections into the habenula. (C) Exemplary images of P-Rps6-immunofluorescence intensity
of the tsc2"?*?*# fish after injections with rapamycin or NaCl at 3 dpf and 4 dpf depicting
sections through habenulae and pallium. Injections at two consecutive days decreased the
P-Rps6 levels in the left habenula of the tsc2"?***?*? mutant fish, but did not change the
P-Rps6 levels in the pallium. Scale bars, 20 pm. (D) Cumulative activity during the
light-preference test calculated for zs¢2"?* fish injected with rapamycin or NaCl at 3 dpf and
4 dpf.
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Summary

Due to their small size and transparency, larval zebrafish are a useful model for whole brain
imaging. Here, we present a protocol for the visualization of phosphorylated Rps6, a marker
of mTorC1 activity, in the zebrafish brains at 5 days post fertilization (dpf), using
whole-mount immunofluorescence and lightsheet microscopy. We describe steps for sample
preparation, storage, staining and imaging. This protocol can also be modified for staining
with antibodies against other proteins.

For complete details on the use and execution of this protocol, please refer to Doszyn et al.!
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Before you begin

In this protocol, we provide detailed instructions for whole-mount immunofluorescence
staining in larval zebrafish brains. The example provided here is visualization of
phosphorylated Rps6 (Ribosomal S6 Protein) in the brain. As Rps6 is a downstream target
of mTORC1 (Mechanistic Target of Rapamycin Complex 1), it can be used as an indicator
of mTORCI1 activity. However, we have used this protocol for all of our
immunofluorescence staining experiments, and it can be adapted for staining against other
proteins. Prior to the staining procedure, zebrafish larvae were bred and maintained
according to international standards, and genotyped using methods described by Kedra et
al.? and Doszyn et al.* We have used this protocol on zebrafish larvae up to 14 dpf; for older
fish, additional optimalization (such as extending incubation times necessary for tissue
penetration) might be required.

Institutional permissions

For the procedure described here, the sc2"?*"* zebrafish line was used. All experiments
performed were conducted in accordance with the Act of 15 January 2015 on the protection
of animals used for scientific and educational purposes, Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on the protection of animals
used for scientific purposes and were approved by the Animal Welfare Commission of the
IMol and the IIMCB.

Any experiments using zebrafish older than 5 dpf require the permission of local ethical
committee.

Preparation of buffers and stock solutions
Timing: 1-2 h

1. Prepare 20x Tricaine stock solution for larvae euthanasia.
a. Dissolve 1 g of Tricaine in 244.75 mL of MilliQ H,O.
b. Dissolve 60.57 g of Tris base in 450 mL of MilliQ H,O to obtain a 1 M
solution. Adjust the pH to 9 with HCI, and top up the volume to 500 mL with
MilliQ H,O.
c. AddS5.25 mL of 1 M Tris bufter to the Tricaine solution.
d. Store at 4°C.

2. Prepare TE buffer for DNA extraction (if genotyping of larvae is required).

a. Dissolve 60.57 g of Tris base in 450 mL of MilliQ H,O to obtaina 1 M
solution. Adjust the pH to 8 with HCI, and top up the volume to 500 mL with
MilliQ H,O.

b. Dissolve 73.06 g of EDTA in 450 mL of MilliQ H,O to obtain a 0.5 M
solution. Adjust the pH to 8 with NaOH, and top up the volume to 500 mL
with MilliQ H,O.

c. Add 5 mL of the Tris solution and 1 mL of the EDTA solution to 500 mL of
MilliQ H,O.

d. Autoclave and store at 20°C-22°C.
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3. Prepare 60x stock solution of the E3 medium for the maintenance of larvae (recipe
included in materials and equipment). Autoclave and keep at 4°C.
a. Prepare the E3 medium by diluting the stock to 1x in MilliQ H,O.

4. Prepare 10% KOH solution for tissue clearing.
a. Dissolve 5 g of solid KOH in 50 mL of ddH2O.
b. Store at 4°C.

5. Prepare PBSTr solution for washing and permeabilization.
a. Add 0.2% of Triton™ X-100 to PBS (e.g. add 100 pl Triton™ X-100 to
prepare 50 ml of PBSTr solution).
b. Store at 4°C.

Critical: undiluted Triton™ X-100 should be handled under a chemical hood.

6. Prepare PBSTr-DMSO solution for washing and permeabilization.

a. Add 0.2% of Triton™ X-100 and 20% DMSO to PBS (e.g. add 100 pl
Triton™ X-100 and 10 ml DMSO to prepare 50 ml of PBSTr-DMSO
solution).

b. Store at 4°C.

7. Prepare PBSTr-DMSO-Tween solution for washing and permeabilization.
a. Add 0.2% of Triton™ X-100, 20% DMSO and 0.1% TWEEN® 20 to PBS
(e.g. add 100 pl Triton™ X-100, 10 ml DMSO, and 50 pl TWEEN® 20 to
prepare 50 ml of PBSTr-DMSO-Tween solution).
b. Store at 4°C.

8. Prepare 150 mM Tris buffer for antigen retrieval.
a. Dissolve 9.0855 g of Tris base in 450 mL of ddH20.
b. Adjust the pH to 9 with HCI.
c. Transfer the buffer to a volumetric flask and adjust to 500 mL with ddH2O.
d. Transfer to a clean and sterile glass bottle.

9. Prepare 2x GDB-Tr blocking solution.

a. Add 0.4% gelatin and 0.2% Triton™ X-100 to PBS (e.g. add 10 ml Gelatin
solution and 100 pl Triton™ X-100 to prepare 50 ml of 2x GDB-Tr blocking
solution).

b. Aliquot and store at -20°C.

10. Prepare PBST-heparin solution for washing and antibody dilution.
a. Add 0.2% TWEEN® 20 and 10 pg/mL heparin salt to PBS (e.g. add 100 pl
TWEEN® 20 and 50 pl of prepared 10 mg/ml heparin salt stock).
b. Store at 4°C.

11. Prepare mounting medium.
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a. Dissolve 1 g of propyl gallate in 45 mL of glycerol.
b. Add 5 mL of PBS, mix using a magnetic stirrer.
c. Aliquot and store at -20°C protected from light.

12. Prepare a 2% low melting point agarose solution for imaging.
a. Dissolve low melting point agarose in Ix E3 medium to the final
concentration of 2%.
b. If not prepared immediately before imaging, aliquot and store at 4°C.

13. Prepare 36% paraformaldehyde stock for fixation.
a. Dissolve paraformaldehyde powder in PBS to the final concentration of
36%.
b. Aliquot and store at -20°C.

Critical: paraformaldehyde must be handled under a chemical hood.

Zebrafish breeding
Timing: 1-2 h per day for 4 days

14. Prepare a spawning tank with male and female fish in a light-controlled room where
the light is switched off overnight and switched on in the morning.
a. If a light-controlled environment is not available, separate the fish by a
divider, and remove it the following morning.

15. On the following morning, collect the eggs. Remove unfertilized eggs and debris.
Place up to 60 eggs per a @100 mm Petri dish filled with 40 mL of 1x E3 medium.
Keep at 28.5°C in an incubator set to a diurnal cycle of 14 h light/10 h darkness.

16. Every day until collection, remove dead larvae and debris, and replace the medium
with fresh 1x E3 solution.

Sample fixation
Timing: 24 h

Critical: this step utilizes paraformaldehyde, which is harmful; therefore, all
following steps must be performed under a chemical hood.

17. Freshly before use, prepare a 4% fixing solution of formaldehyde by diluting a 36%
stock in PBS.

a. Prepare 50 pl of fixing solution per larva. Leftover 4% solution can be stored
at 4°C and used within 48 h, after which it should be discarded.

Optional: if the samples will be stained against phosphorylated antibodies,

add sodium fluoride (NaF) to the final concentration of 20 mM as a
phosphatase inhibitor.
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18. If genotyping is required, prepare two 96-well plates — one filled with 50 pl of fixing
solution per well and the second — with 20 pl of TE buffer respectively.

19. Collect larvae into the fixing solution.

b. Euthanize the larvae by adding the 20x Tricaine solution to the medium to
the final concentration of 3x. If genotyping is not required, collect the larvae
directly into 2 mL round or flat bottom tubes, remove remaining liquid, and
add 1 mL of fixing solution.

c. If genotyping is required, cut the larvae below the head. Collect the
corresponding heads and tails into separate 96-well plates, placing the heads
in the fixing solution, and the tails in TE buffer for DNA extraction and
genotyping.

d. Incubate the larvae in fixing solution overnight at 4°C for fixing.

20. Wash 3x with PBS. Store at 4°C in fresh PBS or proceed immediately to staining.

Note: it is recommended to stain fixed samples within 2-3 weeks after fixing.
During the storage, make sure to replenish evaporated PBS solution.

Key resource table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-pRps6 Cell Signaling| Cat# CS4858;
(Ser235/236) Technology RRID:AB 916156
Goat anti-Rabbit IgG (H+L) Thermo Fisher| Cat# A-11008;
Cross-Adsorbed Secondary Antibody,| Scientific RRID:AB 143165
Alexa Fluor™ 488

Chemicals, peptides, and
recombinant proteins

Tricaine Sigma-Aldrich/Mer | Cat# E10521

ck
PBS tablets Carl Roth Cat# 0890.2
NaCl (sodium chloride) Chempur Cat# 117941206
KCI (potassium chloride) Chempur Cat# 117397402
CaCl, (calcium chloride) Chempur Cat# 118748703
MgCl, x 6H,0 (magnesium chloride | Chempur Cat# 116120500
hexahydrate)
Paraformaldehyde Sigma-Aldrich/Mer | Cat# 158127

ck
Sodium fluoride Sigma-Aldrich/Mer | Cat# 221368

ck
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Potassium hydroxide, 90% Sigma-Aldrich/Mer | Cat# 484016
ck

Hydrogen peroxide, 30% Carl Roth Cat# 9681.1

Triton™ X-100 Sigma-Aldrich/Mer | Cat# X100
ck

Dimethyl sulfoxide Sigma-Aldrich/Mer | Cat# D8418
ck

TWEEN® 20 Sigma-Aldrich/Mer | Cat# P1379
ck

Tris base Carl Roth Cat# 4855.3

HCl Chempur Cat# 115752837

EDTA Sigma-Aldrich/Mer | Cat# EDS
ck

NaOH Sigma-Aldrich/Mer | Cat# S5881
ck

Gelatin solution, type B, 2% in H,O | Sigma-Aldrich/Mer | Cat# G1393
ck

Heparin sodium salt Sigma-Aldrich/Mer | Cat# H3149
ck

Propyl gallate Sigma-Aldrich/Mer | Cat# P3130
ck

Glycerol Sigma-Aldrich/Mer | Cat# G5516
ck

1-phenyl-2-thiourea (PTU) Sigma-Aldrich/Mer | Cat# P7629
ck

TopVision low melting point agarose | Thermo Fisher| Cat# R0801
Scientific

Experimental models:

Organisms/strains

Zebrafish: tsc2"?*"* (mixed strain) | Kim et al.* RRID:ZFIN_ZDB-

larvae until 5 dpf;

GENO-180906-3

Software and algorithms

Fiji Schindelin et al.” https:/fiji.sc/

R4.3.2 R Foundation for| https://www.Rproject.org
Statistical
Computing

RStudio Posit Software, https://posit.co/do

PBC

wnload/rstudiodesktop/
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ZEN2014 SP1 (black edition) Zeiss https://www.microshop.zeiss.com/en
[u s/softwarefinder/sof tware-

categories/zen-black

Other
ThermoMixer® C Eppendorf Cat# 2231001005
Lightsheet Z.1 microscope Zeiss https://www.zeiss.c

om/microscopy/en/
products/lightmicroscopes/lightsheet

microscopes.html

Materials and equipment setup

60x E3 medium stock solution

Reagent Final concentration Amount
NaCl 297 mM 17,4 ¢

KCl 10,7 mM 0,8 g

CaCl, 19,6 mM 2,18 ¢
MgCl, x 6H,0 24 mM 4,89 g
MilliQ H,O n/a Fillupto1 L
Total n/a 1L

[Can be stored long term at 4°C.]

Step-by-step method details

Note: For all steps, use 0.5 — 1 mL of solution per tube. When removing solutions, we
recommend gently aspirating the liquid with glass Pasteur pipettes to avoid damage to the
tissues, or sticking of tissue to the walls of a plastic pipette tip.

Clearing of sample tissues
Timing: 0.5—-1h

The first step (Fig. 1) removes pigmentation from the skin and eyes, in order to provide

clear microscopic images. Additionally, H,0O, quenches autofluorescence, reducing
background noise and false positive signals during imaging.
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Figure 1. Clearing of sample tissues. A.
Before adding KOH and H,O, B.
Samples after 15 min. C. Washed
samples after 45 min. KOH removes
pigmentation from the skin and eyes, in
order to provide clear microscopic
images. H,O, quenches autofluorescence,
reducing background noise and false
positive signals during imaging.

Note: If the experiment uses transgenic
zebrafish lines without pigmentation, such as casper, this step can be omitted. It is also
possible to depigmentate fish form 1 dpf onward using 0.003% 1-phenyl-2-thiourea (PTU)
in Ix E3 and then this step can be omitted. Depigmentation using PTU is not recommended
for studies of brain as the chemical actions of PTU on the brain morphology and function
are unknown.

1. Collect up to 20 larvae in a 2 mL tube with a flat or round bottom.

2. Just before starting, prepare a clearing solution of 1x KOH + 3% H,0, in MilliQ
H,0.

3. Remove PBS from each tube with fixed larvae and add 1 mL of clearing solution per
tube. Incubate at 20°C—22°C until the tissue is cleared (for larvae at 5 dpf, this takes
approximately 45 min).

Keep the tubes open during this time.

4. Rinse 2x with PBS and store in PBS at 4°C or proceed immediately to the next step.

Permeabilization, antigen retrieval and blocking
Timing: 6 h + 24 h

In this step, we describe the first, preparatory steps of the whole-mount
immunofluorescence procedure, including tissue permeabilization, washing, antigen
retrieval and blocking against nonspecific antibody binding. Triton™ X-100 and TWEEN®
20 are nonionic detergents, enhancing tissue penetration and reducing surface tension
respectively, while DMSO removes lipids from cell membranes.

5. Wash the sample tissues (at 20°C-22°C).
a. Wash cleared samples in PBSTr solution 2x for 1 h.
b. Wash samples in PBSTr-DMSO solution for 1 h.
c. Wash samples in PBSTr-DMSO-Tween solution for 1 h.
d. Wash samples in PBSTr solution 2x for 1 h.

6. Perform antigen retrieval. Troubleshooting 1
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Wash samples with 150 mM Tris.

Add fresh 150 mM Tris and incubate for 5 min at 20°C-22°C.
Incubate for 15 min at 70°C using a thermomixer.
Bring to 20°C-22°C before proceeding with the next step.

e o o

7. Block samples against non-specific antibody binding. Troubleshooting 2
a. Prepare a blocking solution by diluting the GDB-Tr stock to 1x in PBS.
b. Incubate samples in blocking solution overnight at 20°C—22°C.

Note: An alternative blocking solution of 0.2% Triton™ X-100, 20% DMSO, 0.3 M glycine
and 6% goat or donkey serum in PBS can also be used, and may work better for some
antibodies. Glycine binds aldehydes, and therefore reduces non-specific antibody binding,
and can improve the quality of the staining. Serum blocks unspecific binding of the
secondary antibody to the tissue, thus, the serum should be used from species that the
secondary antibody comes from, e.g. goat serum should be used for blocking when the goat
secondary antibodies are used for detection.

Washing and primary antibody incubation
Timing: 2 h + 3 days

This step clears the residue of blocking solution and incubation with the primary antibody.
The addition of heparin to the buffer increases antibody diffusion in tissue.

8. Wash samples by incubating them for 2x 1 h at 20°C-22°C in PBST-heparin
solution.

9. Incubate samples with the primary antibody. Troubleshooting 1
a. Prepare a 1:200 solution of the rabbit polyclonal anti-pRps6 antibody in
PBST-heparin.

Note: For staining with alternative antibodies, higher or lower dilutions might be more
optimal. Follow the manufacturer’s suggestions for each antibody.

b. Incubate with antibody solution for 72 h at 20°C-22°C.

Washing and secondary antibody incubation
Timing: 15 min + 3 days

This step clears the residue of primary antibody and incubate with the secondary antibody.
10. Wash samples in PBST-heparin once.
11. Incubate samples in PBST-heparin overnight at 20°C-22°C.

12. Incubate samples with secondary antibody.
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a. Prepare a 1:1000 solution of the Alexa Fluor™ 488 antibody in
PBST-heparin.

Critical: when using the alternative blocking solution containing goat or donkey serum,
remember to match the source species of the serum to the host species of the secondary
antibody (e.g. when using a goat anti-rabbit secondary antibody, block the samples in goat
serum).

b. Remove the PBST-heparin solution and add the antibody solution.
c. Incubate with antibody solution for 48 h at 20°C-22°C in darkness (e.g.
cover with aluminum foil).

Critical: from this point onwards, keep samples protected from light.

Washing and mounting
Timing: 2 days + 15 min

This step clears the residue of secondary antibody and mounting samples in a
glycerol-based medium for long-term storage.

13. Wash samples 2x in PBST-heparin.
14. Incubate samples in PBST-heparin overnight at 20°C-22°C.
15. Incubate samples in a glycerol gradient.

a. Incubate in 30% glycerol in PBS for at least 2 h at 20°C-22°C (until the
larvae fall to the bottom of the tube).

b. Incubate in 50% glycerol in PBS for at least 2 h at 20°C-22°C (until the
larvae fall to the bottom of the tube).

c. Incubate in 70% glycerol in PBS overnight at 20°C-22°C (until the larvae
fall to the bottom of the tube).

16. Transfer samples to mounting medium and store at 4°C in the dark until imaging.

Imaging with lightsheet microscopy
Timing: variable (approx. 1 min per sample)

This step explains the procedure of imaging zebrafish larvae with lightsheet microscopy.

17. Heat up the previously prepared 2% agarose solution to melt it. Keep it in a heat
block at 55-60°C.

18. Wash samples with PBS to remove the mounting medium.
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Note: When imaging the deeper structures of the brain, it might be necessary to remove the
eyes and skin in order to increase the light penetration to the region of interest.

19. Place samples in a glass capillary tube filled with agarose.
20. Place the capillary in the imaging chamber filled with PBS.

Note: In this study, samples were imaged using a Zeiss Lightsheet Z.1 microscope (40%
water immersion objective, NA = 1.3) at following settings: pivot scan, 1024 x 1024
pixel-resolution, Z-step size 0.5 pum, laser line 488 nm intensity 8%.

Note: Following imaging, samples can be placed back in the mounting medium and stored
long-term at 4°C in the dark.

Expected outcomes

This protocol provides methodology for visualization of protein expression patterns in
whole zebrafish larval brain. In case of P-Rps6, the fluorescent signal is visible in the
cytoplasm (Fig. 2).

The expression level of pRps6
In zebrafish brain

Figure 2. Expression of P-Rps6 in #sc2-zebrafish larval brain at 5 dpf. Representative
images of P-Rpso6positive cells in the pallium, showing differences in expression between
genotypes.

Quantification and statistical analysis

Quantification can be performed in Fiji software (Fig. 3). Using the Measure tool (set
measurements: area, mean fluorescence, min. and max. values), manually select cells in
your region of interest, and record the cell size and signal intensity. The number of
signal-positive cells can be counted manually. Afterwards, statistical analysis can be
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performed in RStudio. Check for equality of variance and normality of residuals using

Levene’s test and Shapiro-Wilk test, respectively. If those assumptions are met, use an
ANOVA test with post-hoc TukeyHSD for data analysis; if they are not, use the
KruskalWallis test with post-hoc Wilcoxon test to correct for multiple comparisons.
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Figure 3. Quantification of P-Rps6 levels in the pallium performed in Fiji software. A.
After loading the resized image stack into the Fiji software, in the brightness/contrast level

adjustment, set the minimum and maximum value displayed on the image. These values
depend on the fluorescence intensity of the images and must be selected individually for the
experiment. All images must have the same values set. Therefore, after step B, the images
must be verified and checked to make sure that the brightness is not too high and that single

positive P-Rps6 cells are visible. B. This step requires selecting the brain area of interest.
Select an equal number of slices from each sample in the stack. Then sum the slices using
the projection type: Average Intensity. C. Set the measurements needed for analysis:

116



Average Intensity, Area, etc. D. Click the oval function to draw a circle around the positive
P-Rps6 cell and measure the parameters. Do this for several representative cells per image.
The average value of the measurements will be used to calculate the fluorescence intensity
per cell.

Limitations

The main limitation of this protocol is the limited availability of antibodies designed for
detection of zebrafish proteins. Therefore, the conservation of detected epitope between
zebrafish and mammalian orthologs should be assessed and taken into account.

Troubleshooting
Problem 1:

Lack of or weak fluorescent signal (can be related to step 6 or 9).
Potential solution:

e Test whether the antigen retrieval step is required. For some proteins, the
temperature or the buffer in which this step is performed might also need to be
adjusted.

OR

e Increase the concentration of primary antibody.
Problem 2:
High background fluorescence (related to step 7).
Potential solution:

e Make sure you used the correct blocking solution; particularly when using a
blocking solution containing goat or donkey serum, make sure to match it to the host
species of the secondary antibody.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will
be fulfilled by the lead contact, Justyna Zmorzynska (j.zmorzynska@imol.institute).
Technical contact

Technical questions on executing this protocol should be directed to and will be answered
by the technical contact, Justyna Zmorzynska (j.zmorzynska@imol.institute).

Materials availability

This study did not generate new unique reagents. The fish mutant and transgenic lines are
protected under material transfer agreement with the institutions that generated the lines.
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Upon appropriate agreement with these institutions, they can be requested from the lead
contact.

Data and code availability

This study did not generate datasets or codes.
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Summary

Mechanistic target of rapamycin complex 1 (mTorC1) activity plays a crucial role in brain
development. Here, we present an approach for microinjection of rapamycin into the
habenula of larval zebrafish, in order to achieve localized inhibition of the mTorC1 pathway
and explore the role of mTorC1 in habenula function. The protocol includes details on the
microinjections as well as maintaining zebrafish larvae before and after the procedure.

For complete details on the use and execution of this protocol, please refer to Doszyn et al.!

Sample preparation
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Before you begin

Mechanistic target of rapamycin complex 1 (mTorCl), integrates multiple extra- and
intracellular signals in order to regulate transcription, translation, protein degradation and
cytoskeleton dynamics. In the brain, it controls proliferation, migration, differentiation,
synaptogenesis, and neuronal activity?. This protocol describes the procedure for injecting
rapamycin, the direct mTorC1 inhibitor, into the zebrafish habenula, a bilateral structure
located in the dorsal diencephalon. The morphology and function of the habenula is
asymmetric, with the left and right habenula playing different roles in the integration of
various sensory stimuli and regulation of behavioral response®*. This protocol allows for
localized mTorC1 inhibition. We have examined the role of mTorC1 in the light-preference
behavior of tsc2vu242/+ zebrafish, which is regulated by the left habenula4. However,
depending on the researcher’s subject of interest, this protocol can also be adapted for
microinjections of different drugs, as well as for other zebrafish lines. In such cases, it might
be necessary to adjust parameters such as drug concentration or age of injected larvae; the
technical aspects of the injection itself would remain the same.

Institutional permissions

For the procedure described here, the tsc2"?*?* zebrafish line was used. All experiments
performed were conducted in accordance with the Act of 15 January 2015 on the protection
of animals used for scientific and educational purposes, Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on the protection of animals
used for scientific purposes and were approved by the Animal Welfare Commission of the
IMol and the IIMCB.

As this protocol uses zebrafish younger than 5 days post-fertilization (dpf), it does not require
the additional permission of local ethical committee.

Preparation of buffers and stock solutions
Timing: 1 h

1. Prepare the 60x E3 medium stock solution (recipe to be found in materials and
equipment). Autoclave and keep at 4°C.

a. Prepare the E3 medium by diluting the stock to 1x in MilliQ H,O.

2. Prepare the Tricaine stock solution (recipe to be found in materials and equipment).
Keep at 4°C in the dark.

3. Prepare a 1% solution of low melting point agarose in E3 medium.

Note: If the solution is being prepared prior to the day of the experiment, it can be stored at
4°C and melted as needed. If prepared immediately before injections, keep in liquid form at
55-60°C.
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4. Prepare a 0,9% solution of NaCl. Store in room temperature for up to a week or in
4°C for a longer time. Bring to room temperature or keep in the incubator with the
fish at 28.5°C before use.

5. Prepare a 1 uM rapamycin solution in 0,9% NaCl. Aliquot and keep at -20°C. Bring
to room temperature or 28.5°C before use.

Zebrafish breeding
Timing: 1-2 h per day for 4 consecutive days

6. Set up a spawning tank with male and female fish (either separated by a divider to be
removed on the next-day’s morning, or in a light-controlled room where the light will
be off during the night and will switch on in the morning).

7. On the following day, collect the fertilized eggs. Place up to 60 eggs per a @100 mm
Petri dish filled with 40 mL of E3 medium. Incubate at 28.5°C, with a diurnal cycle of
14 h light/10 h darkness.

8. On the first and second day post fertilization (dpf), remove any debris, dead embryos
or unfertilized eggs, and exchange the E3 medium.

Preparation of micropipettes
Timing: 30 min

9. Prepare the micropipettes.

a. Insert a glass capillary into the heat puller and prepare the needles as described
by Konadu et al.’. Briefly, to prepare microinjection needles, begin with a
10-cm-long borosilicate glass capillary (1.0 mm outer diameter, thin-walled)
placed in the micropipette puller (e.g. from Sutter Instrument Company).
Carefully load the capillary tube into the carriage, aligning it precisely within
the groove and securing it with clamps. Glide the capillary through the heating
filament to ensure consistent alignment across the entire length. Once
positioned, initiate the pull program with settings tailored to heat, pull,
velocity, delay, and pressure. After the pull process, the needle tip is formed at
both ends that has to be broken open using fine forceps under a stereo
microscope.

b. Using fine forceps under a stereo microscope with good optics (at least 150x
magnification), snap off the pointed end to obtain a micropipette with an open
tip of ~3 um. Use microscope calibration slide with ruler of 0.01 mm or
microscope reticle to measure tip diameter.

c. Load the micropipette with 3 pl of 0.9% NaCl or rapamycin solution.
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10. Insert the micropipette into the injector pump holder. Put a drop of mineral oil on the
calibration slide. Using the calibration slide with a ruler of 0.01 mm set the drop size
to 0.5 nL by injecting a drop to the mineral oil, measuring it and adjusting the size
with pressure. Workstation for microinjection with the necessary equipment is

presented on Figure 1. Troubleshooting 1

Figure 1. Workstation for injection. 1. Glass needle mounted on the injector pump holder. 2.
Petri dish with fish mixed in each dot with E3 and agarose. 3. Mineral oil necessary for
injection calibration. 4. Phenol Red solution. 5. Glass needles. 6. Microscope calibration
slide. 7. Extended pipette tips for easy needle loading. 8. Pasteur pipette. 9. Injection pump.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
NaCl (sodium chloride) Chempur Cat# 117941206
KCI (potassium chloride) Chempur Cat# 117397402
CaCl, (calcium chloride) Chempur Cat# 118748703
MgCl, x 6H,0O (magnesium chloride hexahydrate) Chempur Cat# 116120500
Tricaine Sigma-Aldrich/Merc | Cat# E10521
k
Tris base Carl Roth Cat# 4855.3
HCl Chempur Cat# 115752837
Rapamycin Sigma-Aldrich/Merc | Cat# 553210
k
Phenol Red Sigma-Aldrich/Merc | Cat# P0290
k
TopVision low melting point agarose Thermo Fisher | Cat# R0801
Scientific
Experimental models: Organisms/strains
Zebrafish: tsc2"24/* Kim et al.® RRID:ZFIN ZDB
-GENO-180906-3
Other
Dry block thermostat Bio TDB-100 Biosan Cat#

BS-010412-AAA

mm / inner diameter 0,75 mm)

Borosilicate glass capillaries (outer diameter 1,0

Sutter Instrument

Cat# BF150-75-10

Flaming/Brown Micropipette Puller

Sutter Instrument

Cat# P-1000

Microscope Leica M165 FC 198x magnification

Leica

https://www.leica-

microsystems.com
/products/light-mic
roscopes/stereo-mi

croscopes/p/leica-
ml65-fc/
Injector pump FemtoJet™ 41 Eppendorf Cat#
E5252000021
Materials and equipment setup
60x E3 medium stock solution
Reagent Final concentration Amount
NaCl 297 mM 174 ¢
KCl 10,7 mM 08¢
CaCl, 19,6 mM 2,18 g
MgCl, x 6H,0 24 mM 4,89 ¢
MilliQ H,O n/a Fillupto 1 L
Total n/a 1L
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[Can be stored long term at 4°C.]

Tricaine stock solution

Reagent Final concentration Amount
Tricaine 15,3 mM lg

IM Tris-HCI pH 9 21 mM 5,25 mL
MilliQ H,O n/a 244,75 mL
Total n/a 250 mL

[Can be stored long term at 4°C in the dark.]
Step-by-step method details

First microinjection
Timing: 2 h

This step describes the preparation of zebrafish larvae and the microinjection procedure. For
rapamycin injections into the left habenula, it was performed at 3 dpf and then repeated again
at 4 dpf, as this was previously established to be required for the sustained effect of the
treatment. Troubleshooting 2

1. Heat the 1% agarose solution to melt. Keep it in the heat block at 55-60°C.

2. Prepare the 0.9% NaCl and 1 uM rapamycin solutions. Add 1 pl of 0.05% Phenol Red
per every 10 pl of solution for visualization.

3. Add Tricaine solution into the E3 medium with the larvae to a final concentration of
0,01%.

Note: It is recommended to sedate a smaller number of larvae at a time, perform the
microinjection procedure to the end, and repeat for the next batch.

4. Place single larva in one drop of approximately 20 pl of E3 with Tricaine on a Petri
dish. You can put as many separate drops as you manage to inject (e.g. 20 per dish).
Pipette an equal volume (approx. 20 ul) drop of 1% agarose solution (to the final
concentration of 0,5%) onto the drop with the larva and position the larva with the
dorsal side of the head facing up.

a. Place the dish under the microscope. If necessary, using a thin pipette tip,
carefully manipulate the larva to adjust its position, ensuring the habenulae are
easily accessible.

b. After the agarose solidifies, pipette a drop of E3 medium with Tricaine on top,
ensuring that the fish is continuously sedated and submerged in water.

Critical: To increase efficiency of the procedure, several larvae can be mounted on a single
dish, and injected in a batch. Extra attention must be then paid to ensure the E3 medium
covering the larvae does not evaporate before the end of the injections. Add drops of fresh E3
medium with Tricaine when needed.
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5. Insert the micropipette tip between the habenula and the surrounding blood vessel.
Blood vessels should be easily visible under stereo microscope because the blood
cells are floating in them (Fig 2.)

dorsal view lateral view

[:] telencephalon

. habenula

. optic tectum

D cerebellum

. medulla oblongata

schematic of the injection site

B '

Figure 2.

(A) Schematic of the zebrafish habenulae location within the brain depicting also the
injection site. Surrounding blood vessels are marked with dashed lines. A — anterior, P —
posterior, L — left, R — right, D — dorsal, V — ventral. (B) An exemplary images of the
zebrafish head with zoom-in onto the habenulas. Dark spots are melanophores in the skin.
Scale bar — 200 um.

6. Administer 4 drops of NaCl with Phenol Red or rapamycin with Phenol Red solutions
by injecting 1 drop at a time at 20 s intervals. Troubleshooting 3
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Note: For microinjection use the stereo microscope with at least 150x magnification.

Recovery
Timing: 3-4 h + 1 day
This step describes the recovery procedure after the injections.

7. After each batch of injections, fill the Petri dish containing immobilized larvae with
40 mL of E3 (without Tricaine), and place it back in the incubator.

8. After 3-4 hours, if the larvae did not freed themselves already, gently remove the
agarose from around the larvae using a thin pipette tip. Troubleshooting 4
a. Transfer the free larvae to a clean Petri dish with fresh E3 medium.

Note: Do not remove the agarose from the fish immediately after injection. Leaving the fish
in agarose reduces the risk of damaging the fish. The fish can rest and recover after injection.
Once they start moving, most of the fish can get out of the remaining agarose on their own. If
not, be careful during removing the agarose with a tip, as the yolk sac can be easily damaged.

Second microinjection and recovery
Timing: 6 h + 1 day

This step is required in the case of rapamycin injections, in order to achieve sustained effect
of the treatment.

9. On the following day (4 dpf), perform the microinjections again by repeating steps
1-6.

10. Allow the larvae to recover as described in steps 7-8.

11. On 5 dpf, the larvae can be used for further experiments, such as behavioral testing,
brain imaging, or immunofluorescence staining.

Expected outcomes

The subsequent injections of 1 uM rapamycin at 3 and 4 dpf result in the inhibition of the
mTorC1 activity localized to the injected region (left habenula). This can be verified by
analyzing the phosphorylation levels of one of the target proteins of mTorC1l, Rps6.
Immunofluorescence staining shows lowered levels of phosphorylated Rps6 (pRps6) in the
left habenula of #sc2**"?*> mutants at 5 dpf following rapamycin injections, in comparison
to control group injected with NaCl, bringing them down to a level comparable with that
found in the wild-type fish (Fig. 3). Additionally, we have previously shown that the
tsc2"##242 mutants, compared to wild-type siblings, display a lowered preference for light
over dark environment in the light-dark choice assay. This aberrant behavioral response to
light was rescued by rapamycin injections into the left habenula'.
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Figure 3. Expression levels of
the pRps6 in the left habenula of
tsc2v242M242 zebrafish.

(A)  Representative  optical
sections through habenula and
pallium of tsc2"?#"?#  fish
injected at 3 and 4 dpf with NaCl
or rapamycin, following
immunofluorescence staining
against pRps6. The images show
a decrease in fluorescence
intensity in the left habenula
following rapamycin injections,
but no significant change in
fluorescence intensity in the
pallium. (B) Quantification of
mean intensity of  pRps6
fluorescence from LdHb of
tsc2"?* fish injected at 3 and 4
dpf with NaCl or rapamycin
(S5pum from the top of the
habenula: tsc2"?#***? control vs.
tsc2*"* control p = 0.000107 and
vs.  tsc2™* control  p=
0.000244; tsc2?#242 treated
with RAPA vs. tsc2"?*"* treated
with RAPA p= 0.022. 10 pm:
tsc2m2# 42 control  vs. tsc2™*
control p= 0.000918 and vs.
tsc2"** control p = 0.000867.
15 um: tsc22#242 control vs.
tsc2* control p= 8.73e-05 and
vs.  tse2"* control  p=
0.000456. 20 um: tsc2"24 e
control vs. #sc2"* control p=
7.5e-06 and vs. tsc2™?*"* control
p= 0.000676; tsc2"**"* control
vs. tsc2™" control p= 0.047).
The dots on the boxplots
represent the number of fish in
the experiment (N>10 per
experimental group).



Limitations

e The dose and timing of the administered drug should be tested prior to further
experiments, especially as it might be different than when the drug is administered
into the water. In our study, we have determined that two subsequent injections of
I uM rapamycin at 3 and 4 dpf are required for effective inhibition of mTorCl
activity at 5 dpf, as a lower dose or a single injection did not result in significantly
lowered levels of pRps6'. Similarly, efficacy of the treatment should be tested when
considering injections of other drugs, or at other developmental stages.

e This protocol might also be used for injections into other parts of the brain, e.g. the
cerebellum. However, due to the lack of stereotaxic instruments designed for
zebrafish larvae, finding a very specific region of interest might require additional
effort and care. Additionally, while the habenulae are positioned dorsally and easily
accessible, injecting into the deeper parts of the brain might be more problematic.

Troubleshooting

Problem 1:

The ejected drops are too big or too small. The size of drops should be set to 0.5 nL. To set
appropriate size use the microscope calibration slide with a ruler of 0.01 mm or microscope
reticle.

Potential solutions:

e I[f the drop size is smaller than 0.5 nL, consider increasing the pressure in the injection
pump. Do not increase the pressure too much (above 500 hPa), as you can damage the
fish. If this solution will not resolve the problem, break the needle a little more under
the stereoscope using the high magnification (at least 50x).

e [fthe drop size is bigger than 0.5 nL, consider decreasing the pressure in the injection
pump. If this solution will not resolve the problem, then the diameter of the needle
may be too big. Prepare another needle, breaking the tip off at a lower point. Always,
break the needle under the stereoscope using the high magnification (at least 50x
magnification).

Problem 2:

No effect of the drug is observed following the injection.

Potential solutions:

e Consider increasing the dose of the drug.

129



e Multiple injections on subsequent days might be required. With multiple injections
especially, take extra care to make sure they don’t cause sustained injury, and that the
larvae have sufficient time to recover between injections.

Problem 3:
No drops are ejected from the needle.
Potential solutions:
e Check for air bubbles or any debris that might be blocking the needle.

e Check for any breaks or leaks in the needle or injector tubing.

Problem 4:

High mortality of larvae following injections. The mortality rate depends on many factors
like injection time and drug dose. However, the critical factor is the user. For unskilled users
the mortality rate can reach up to 50% whereas for skilled users mortality rate decreases to
~1%. Practice with wild-type larvae before your experiment to master the procedure.

Potential solutions:

o The most likely cause is damage to the body of the fish or rupturing the yolk during
either mounting (step 4a) or freeing the fish from agarose (step 8). During those steps,
take extra care not to damage the fish.

e The fish might also be damaged when the micropipette is inserted too deep into the
tissue, or at the wrong place. Make sure you have located the habenula correctly, and
that the fish is mounted in such a way that it is easily accessible, facing straight up.

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Justyna Zmorzynska (j.zmorzynska@imol.institute).

Materials availability

This study did not generate new unique reagents. The fish mutant and transgenic lines are
protected under material transfer agreement with the institutions that generated the lines.
Upon appropriate agreement with these institutions, they can be requested from the lead
contact.

Data and code availability

This study did not generate datasets or codes.
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Abstract

Tuberous Sclerosis Complex (TSC) is a genetic disease which manifests as a range of
neurological symptoms, including benign brain tumors, epilepsy, and TSC-associated
neuropsychiatric disorders (TANDs). Among the latter, according to recent reports, anxiety
and mood disorders affect over 50% of patients. We have previously demonstrated
anxiety-like behavioral symptoms in the zebrafish model of TSC, which were rescued by
treatment with the TrkB antagonist ANA-12. Here, we aimed to investigate the mechanism of
how ANA-12 regulates behavior by analyzing brain activity in the telencephalon of TSC
zebrafish larvae, and we identified the affected regions as corresponding to the known
mammalian circuitry involved in anxiety processing. Due to differences in development, the
identification of telencephalic territories that are homologous between zebrafish and
mammals remains challenging, particularly at early, dynamic stages of development.
However, we were able to identify populations of neurons in the zebrafish habenula and
ventral subpallium whose involvement in anxiety parallels that of mammals. Those regions
were dysregulated in the TSC mutant. This dysregulation correlated with aberrant anxiety
behavior and was rescued by treatment with ANA-12. Our results suggest that
hyperactivation of TrkB in those regions is a major contributor to anxiety-like behavior as
seen in TSC fish, and that those mechanisms could be evolutionarily conserved between
zebrafish and mammals.

133



Introduction

Tuberous sclerosis complex (TSC) is a genetic disease caused by inactivating mutations in
either the TSCI or TSC2 gene. The products encoded by these genes, known as Hamartin and
Tuberin respectively, together with the protein TBC1D7, form the TSC complex, acting as a
negative regulator of mammalian/mechanistic target of rapamycin complex 1 (mTORCI)
(Crino et al., 2006). mTORCI is a hub for many signaling pathways, and in neuronal
development, it regulates the processes of axon genesis and guidance, dendritogenesis,
synaptic plasticity, learning and memory (Switon et al., 2017). In the brain, TSC presents
with benign tumors, lesions and cortical dysplasia, epilepsy, and TSC-associated
neuropsychiatric disorders (TANDs) (Crino et al., 2006; Salussolia et al., 2019). This term is
used to describe a wide plethora of symptoms, ranging from intellectual disability and
cognitive deficits, autism spectrum disorder, attention deficit—hyperactivity disorder
(ADHD), to anxiety and mood disorders (de Vries et al., 2015). According to the recent
statistics presented by the TANDem project, which aimed to establish an internationally
standardized methodology for diagnosis and treatment of TANDs, anxiety and mood
disorders affect up to 56% of TSC patients. At the same time, anxiety is believed to be
underdiagnosed, especially when co-occurring with intellectual disabilities, which may make
it difficult for the patient to effectively communicate their experiences. The TANDem project
also concludes that more research is still needed to understand the underlying mechanisms by
which anxiety arises in TSC patients, and find targeted treatments (de Vries et al., 2023).

In the previous study conducted by our group, we have found elevated cortisol levels and
anxiety-like behavior exhibited by #sc2™?"# (tsc2-deficient) zebrafish larvae. The
increased high-range velocity in tsc2™##*?# fish, indicative of anxiety, was rescued by
treatment with ANA-12, a selective TrkB inhibitor. ANA-12 also rescued the
seizure-associated decreased activity of the tsc2"?***?* mutant, as well as the observed
thinning of the anterior commissure, suggesting the role of TrkB signaling in brain
connectivity and epileptogenesis, either of which could contribute to anxiety (Kedra et al.,
2020). However, the question of how ANA-12 might affect the activity of pertinent brain
regions in order to produce its effect on behavior remained unanswered.

In this study, we conducted an in-depth investigation into the anxiolytic effects of ANA-12 by
performing additional behavioral assays in zebrafish. Furthermore, we examined neuronal
activation patterns in the frontbrain of tsc2"?*** zebrafish larvae using whole-brain imaging
techniques to elucidate the neuroanatomical correlates of ANA-12-induced behavioral
changes and we have found that ANA-12 regulates activity in regions linked to behavioral
regulation and processing of stress and fear related information, such as the habenulae,
striatum and septum. We have also putatively identified parts of the amygdaloid complex in
the zebrafish brain at early stages of development.
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Methods

Zebrafish breeding and genotyping

All experiments were performed using the tsc2"?*”* zebrafish line (Kim et al., 2011). Adult
and larval zebrafish were maintained according to international standards. In each
experiment, offspring of at least three parental pairs were used. The larvae were genotyped in
order to distinguish wild-type fish from those hetero- or homozygous for the mutation in the
tsc2 gene. Behavioral experiments were performed blindly for the genotype, with larvae
collected for genotyping afterwards; for the purpose of immunofluorescence staining,
Western blot and ELISA assays, heads were collected for the experiment, and tails were used
for genotyping. All genotyping was performed using the HRM method.

Drug treatments

All stock solutions of drugs used in this study were prepared in E3 medium (5 mM NaCl,
0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO,) or dimethyl sulfoxide (DMSO;
Sigma-Aldrich (Merck)). Working solutions were prepared in E3 medium. Drugs were
administered into the bathing medium, containing up to 50 dechorionated larvae. Treatments
included: 200 nM rapamycin from 2 days post-fertilization (dpf), and 50 nM ANA-12 or 60
uM vigabatrin (all from Sigma-Aldrich (Merck)) 24 hours before the behavioral test.

Behavioral tests

Behavioral tests were performed using zebrafish larvae at 5 dpf, following a 15-minute period
of habituation to the behavioral testing room. Zebrafish activity was recorded using the
ZebraBox system, with experimental parameters set using the dedicated Zebral.ab software
(both from ViewPoint Behavior Technology). Obtained raw data was processed and analyzed
using RStudio software (cran.r-project.org; rstudio.com).

The open field test was performed as previously described (Kedra et al., 2020). Single larvae
were placed in each well of a 6-well plate, filled with E3 medium. The plate was uniformly
illuminated with bottom light set to 80% intensity. Activity was tracked for 8 min, witha 5 s
time bin. Surround and central areas of each well were defined in ZebralLab software, and the
cumulative activity in each area (normalized to the total time of movement) was calculated
for each fish. Lack of movement of the tsc2"?****** mutants was mapped to non-motor
seizures before (Kedra et al., 2020), therefore not moving fish were excluded from the
analysis.

For the sudden light changes test (Kedra et al., 2020), single larvae were placed in each well
of a 24-well plate, filled with E3 medium. Activity was tracked for 30 min overall, witha 5 s
time bin. The experiment consisted of three phases: dark-light-dark, of 10 min each. During
the light phase, the plate was illuminated with bottom light set to 60% intensity.
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Whole-mount immunofluorescence

At 5 dpf, heads of zebrafish larvae were collected into 4% PFA solution for overnight fixation
at 4°C. For staining with antibodies against phosphorylated proteins, 2% (v/v) of 1 M NaF
was added to the fixative solution as a phosphatase inhibitor. Fixed samples were then
washed with 1x PBS, and incubated with 3% KOH, 1% H,0O, bleaching solution for approx.
30-45 min at room temp. to remove pigmentation. Samples were then stained with primary
antibodies (anti-pRps6 (Ser235/236; Cell Signaling Technology), 1:200; anti-TrkB
(Proteintech), 1:400; anti-ERK (Cell Signaling Technology), 1:400; anti-pERK (Cell
Signaling Technology), 1:400; anti-VGlutl (Synaptic Systems), 1:400; GAD65/67 (Abcam),
1:400; anti-calretinin (Swant), 1:200; anti-NPY (Abcam), 1:200; anti-parvalbumin (Genetex),
1:250) and secondary antibodies (donkey anti-mouse Alexa Fluor 568, 1:1000, or donkey
anti-rabbit, Alexa Fluor 488, 1:1000, both from Thermo Fisher Scientific) according to a
previously established protocol (Doszyn et al., 2025).

Protein extraction and Western blot

25-30 heads of each genotype were pooled into Ringer’s solution supplemented with protease
and phosphatase inhibitors (1 mM aprotinin, I mM leupeptin, 0.25 mM benzamidine
hydrochloride, 0.25 mM Pefabloc® SC, 0.5 mM sodium orthovanadate, | mM sodium
B-glycerophosphate, 0.25 mM tetrasodium pyrophosphate, 2.5 mM sodium fluoride), 1%
Triton™ X-100 (Sigma-Aldrich (Merck)), 0.1% SDS, and 0.5 mM EDTA, sonicated, and
placed on ice for 30 min. The samples were then centrifuged for 5 min at 4 °C at 9000 rpm,
and concentrated Laemmli buffer was added to each sample to the final concentration of 1x.
The samples were then denatured by incubation in 95 “C for 5 min using Thermomixer C
(Eppendorf®), aliquoted and stored at -20 “C.

SDS-PAGE electrophoresis was performed using the vertical Mini-PROTEAN system
(Bio-Rad), in Tris-Glycine-SDS buffer. For the immunodetection of target proteins, the
samples were transferred from the polyacrylamide gel onto a PVDF membrane
(Sigma-Aldrich (Merck)) activated by submerging in 100% methanol. Transfer was
performed using the vertical Mini Trans-Blot® Cell system (Bio-Rad), in Towbin buffer with
SDS, at 4 “C. The membrane was then washed with deionized water, and incubated in 5%
milk in TBS buffer against non-specific binding for 1 h at room temp. After blocking, the
membrane was washed with TBST, and incubated with primary antibodies: anti-Rps6 (Santa
Cruz Biotechnology), 1:200; anti-pRps6 (Ser235/236 Cell Signaling Technology), 1:1000) in
5% BSA in TBST overnight at 4 “C. On the following day, the membrane was washed thrice
with TBST, and incubated with secondary antibodies (IRDye® 680RD Donkey anti-Rabbit
IgG, 1:10 000, or IRDye® 800CW Donkey anti-Mouse IgG, 1:10 000, both from LI-COR
Bioscience) in 5% BSA in TBST for 1 h at room temp. Afterwards, the membrane was again
washed thrice with TBST, then imaged using the Odyssey DLx (LI-COR Bioscience), and
analyzed using Image Studio Lite v.5.5 software (LI-COR Bioscience).
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ELISA assay

The ELISA assays for P-TrkB and TrkB were performed on samples containing 20 heads
each, according to manufacturers’ instructions. The detection antibody in both assays was the
biotin-conjugated anti-TrkB antibody (500 ng/ml working concentration; catalog no.
BAF397, R&D) and streptavidin-horseradish peroxidase (1:200; R&D) to detect TrkB. The
capture antibodies were anti-P-TrkB (catalog no. DYC688, R&D) and anti-TrkB (4 ng/l
working concentration; catalog no. 13129-1-AP, ProteinTech).

Imaging and image analysis

All 1mages were acquired using a Zeiss Lightsheet Z.1 microscope (40x water immersion
objective, NA = 1.3) at 1024 x 1024 pixel-resolution, in a z-stack mode with an interval of
0,5 um between z-slices, resulting in multi-layered images of brain tissue.

The images were then analyzed using Fiji software (Schindelin et al., 2012). For calretinin,
the number of calretinin-positive cells in each region of interest (ROI) was counted manually.
For phosphorylated ribosomal protein s6 (pRps6), 5 signal-positive cells per fish were
randomly selected, mean signal intensity of each cell were measured using the Measure tool,
and the mean intensity per fish was later calculated in Rstudio. For TrkB and parvalbumin,
ROIs were selected manually, Z-slices were superimposed using the Sum slices tool, and the
intensity or integrated density of the fluorescent signal were measured using the Measure
tool. Integrated density was chosen as a proxy for the number of parvalbumin-positive cells
due to the low optic resolution in the medial subpallium, making it difficult to distinguish
single cells.

For, neuronal activity measurements using pERK-ERK method, the brains were firstly
registered to the reference brain using Parallel Fiji CMTK Registration Plugin by Sandor
Kovacs (github.com/sandorbx/Parallel-Fiji-CMTK-Registration). After accuracy analysis, the
automated analysis of neuronal activity was performed similarly to previously described
protocol (Randlett et al., 2015), except the commands were done in Fiji. These included
preprocessing, division of pERK and ERK channels, gaussian blurring, and averaging. At
least 20 images were averaged per genotype per treatment from two independent
experiments. The statistics were calculated using FDR method versus randomized dataset.
Only significant pixels are represented on the neuronal activity maps (images).

Statistical analysis

All data were analyzed with Rstudio software (cran.r-project.org; rstudio.com). Sample sizes
could not be predetermined due to the random distribution of genotypes; however, this
provided randomization and blinding for sample collection. Equality of variance and
normality of residuals were determined with Levene’s test and Shapiro-Wilk test,
respectively. If data were normally distributed, they were analyzed by two-way ANOVA with
post-hoc TukeyHSD test; otherwise, the Kruskal-Wallis test was used with post-hoc
Wilcoxon test to correct for multiple comparisons. Data are presented as medians using
boxplots, where each dot represents datapoint from one fish. Data points outside of the
boxplot whiskers represent outliers. Adjusted p-values below 0.05 were considered
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statistically significant, and are shown on figures with * for p <0.05, ** for p <0.01, *** for
p <0.001, and **** for p <0.0001.

Results

ANA-12 rescues anxiety-like behavior in zsc2"**"?* fish

We have previously shown that the tsc2"?*** fish exhibit hypervelocity, thigmotaxis in the
open field test, and anxiety-like behavior in response to a sudden changes in light conditions.
Additionally, hypervelocity was rescued by treatment with ANA-12 (Kedra et al., 2020).
Here, we have performed the open field and sudden light changes tests using tsc2"?* fish
pretreated with ANA-12 versus untreated, and have confirmed a rescue of anxiety-like
behaviors in those tests by ANA-12. Relative time spent next to the walls of the testing
chamber was increased in tsc2"?*"?* fish in comparison to wild-type #sc2”* and
heterozygous tsc2"?** siblings representing anxiety-like behavior. This was reduced in
tsc2"##242 homozygotes following treatment with ANA-12 (Fig.1 A-C). However, a
reduction in thigmotaxis was also observed following pretreatment with the mTorC1 inhibitor
rapamycin, and the antiepileptic drug vigabatrin (Fig.1 B-C). Mutant zsc2"?**?*? fish also
showed hyperactivity during the dark phases of the sudden light changes test, which is
indicative of anxiety, although freezing during the light phase was not increased in relation to
wild-type £sc2** siblings, whose activity levels also dropped drastically when the light was
switched on (Fig.1 E). The hyperactivity of zsc2"?**“?* during the dark phase was markedly
reduced by treatment with ANA-12 or rapamycin (Fig.1 F-H).
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Figure 1. Tsc2"?*"?%2 fish show anxiety-like behavior that is ameliorated by pretreatment
with ANA-12. (A) Representative tracks from the open field test for each tsc2"?* genotype in
the control group vs. treated with ANA-12. Summary tracks from 8 min recordings show
thigmotaxis behavior in tsc2"?*?****? fish that is rescued by ANA-12 treatment. (B) Relative
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time spent next to the walls of the dish [p = 0.002 for control zsc2** vs. control tsc2"?#"4 p
=0.000159  for control zsc2™**** vs. control tsc2™##*# p = 0.002 for VGB tsc2™* vs.
VGB tsc2v2#/242 p = (.002 for VGB tsc2™?*"* vs. VGB tsc2"?*?*?#], (C) Relative time next
to the walls compared between tsc2"?*"*?# fish only [p = 0.000227 for control vs. ANA-12,
p = 0.000122 for control vs. rapamycin]. (D) Duration of overall activity across all genotype
and treatment groups. No significant difference between median activity of each group
indicates that the relative activity differences are not caused by changes in overall motor
activity. (E-G) Mean activity over time during suddenly changing light conditions
(dark-light-dark) for control, rapamycin and ANA-12 treated groups respectively. (H) Mean
activity over time during suddenly changing light conditions compared between tsc2"2#2/2#
fish only.

RapaP — rapamycin pretreatment starting at 2 dpf in order to prevent the development of
symptoms; VGB — vigabatrin.

ANA-12 treatment affects TrkB activation

First, we checked how treatment with ANA-12 affected the levels and activity of TrkB in the
whole fish heads by ELISA assay to confirm ANA-12 actions. TrkB undergoes
self-dimerization and autophosphorylation following the binding of BDNF (Huang &
Reichardt, 2003). As we have demonstrated before (Kedra et al., 2020), tsc2"?#"2#2 fish
show increased levels of phosphorylated TrkB (pTrkB) in comparison to wild-type siblings.
This effect was rescued by treatment with the direct TrkB antagonist ANA-12 (Fig.2 A). The
immunofluorescence stainings of the intact zebrafish brains demonstrated that there was no
significant difference between genotypes in either the amount or distribution of the TrkB
protein in the pallium of zsc2?* fish, and that those parameters were also not affected by
ANA-12 treatment (Fig.2 B-C).

ANA-12 treatment does not affect mTORCI activity

The stimulation of TrkB by BDNF triggers the activation of multiple downstream pathways,
including the phospholipaseCy (PLCy), mitogen-activated protein kinase/extracellular
signal-regulated protein kinase (MAPK/ERK), and phosphatidylinositide 3-kinase
(PI3K)-Akt-mTOR pathway (Huang & Reichardt, 2003; Takei et al., 2004). Although there is
no functional TSC complex in the tsc2"?***?*? fish, we checked whether ANA-12 could act
through an unknown mechanism that impacts mTORC1 activity. We performed a Western
blot assay to check the ratio of phosphorylated ribosomal protein s6 (P-Rps6) to
non-phosphorylated form of this protein (Rps6) as it is one of the downstream targets of
mTORCI. In the untreated tsc2"?****?# fish, the ratio of P-Rps6 to Rps6 was increased in
comparison to wild-type #sc2”* and heterozygous tsc2"?** siblings, owing to mTORC]1
hyperactivity; and this ratio was preserved in the group treated with ANA-12 (Fig.2 D-E).
Similarly, whole-mount immunofluorescence staining against P-Rps6 showed no effect of
ANA-12 on neither the levels of P-Rps6 nor the distribution of P-Rps6 positive cells in the
pallium of zsc2™?* fish (Fig.2 F-G). Therefore, even though pretreatment with rapamycin
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resulted in a similar rescue of behavioral symptoms as ANA-12, suggesting that both TrkB
and mTORCI1 signaling play a role in regulating anxiety, we have confirmed that the effect of

ANA-12 on zebrafish behavior is not exerted directly through the mTORCI pathway.
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Figure 2. ANA-12 affects TrkB activation but not TrkB levels or mTorC1 activation. (A)
pTrkB levels in #sc2"* fish = ANA-12 as measured by ELISA assay. (B) Representative
images of the tsc2"?* zebrafish pallium stained with anti-TrkB antibody and Hoechst nuclear
stain. Scale bar = 20 um. (C) Mean intensity of TrkB signal in the pallium across all
genotypes =+ ANA-12. Each dot represents one fish. (D) Representative Western blot results
showing the amount of pRps6 and Rps6 protein in whole brains of #sc2™?* fish £+ ANA-12.
(E) Ratio of pRps6 to Rps6 protein in zsc2"?* fish + ANA-12 as measured by Western blot [p
= 0.016 for control tsc2"* vs. control tsc2?*?# p =(0.032 for ANA-12 tsc2"" vs. ANA-12
tsc2v?#u242] Each dot represents one sample pooled from at least 25 fish. (F) Representative
images of the zsc2"?* zebrafish pallium stained with anti-pRps6 antibody. Scale bar = 20 um.
(G) Mean intensity of pRps6 signal in the pallium across all genotypes = ANA-12 [p =
0.00399 for control tsc2** vs. control tsc2"*** p = 3.636e-07 for control tsc2** vs. control
tsc2m#m2 | p = 8.52e-05 for control tsc2?** vs. control tsc2"?#"# p = 3.054e-07 for
ANA-12 tsc2** vs. control tsc2™#"# p = 4.206e-05 for ANA-12 tsc2"**** vs. control
tsc2™?#/242] Each dot represents an average intensity of five cells from one fish.

ANA-12 affects brain activity

The habenula (Hb), a bilateral structure located within the epithalamus, is split into two main
subdivisions — medial and lateral in mammals, corresponding to dorsal and ventral in
zebrafish respectively (Amo et al, 2010). In both zebrafish and mammals, the habenula is
known to play a role in a multitude of processes and behaviors, including fear and anxiety,
aversion and reward, sleep and circadian rhythm, reproductive and aggressive behaviors, and
processing of sensory stimuli (Fore et al., 2018).

Previously, we have found hyperactive cells in the left dorsal habenula (LDHb) of larval
zebrafish, which were also marked by hyperactivation of mTORCI. This hyperactivation was
linked to aberrant processing of light stimuli. We have shown that pretreatment with the
mTORCI inhibitor rapamycin rescued both the behavioral symptoms and the dysregulation
of neuronal activity (Doszyn et al., 2024). Here, we have imaged the whole left and right
habenula following whole-mount staining with antibodies against extracellular
signal-regulated kinase (ERK) and phosphorylated (activated) ERK. Since ERK is
phosphorylated in response to the calcium influx following neuron depolarization, the ratio of
pERK/ERK can be used as a readout of neuronal activity, and has been validated as such in
zebrafish (Randlett et al., 2015). We have calculated the ratio of pERK/ERK in untreated
tsc2™?* fish and siblings treated with ANA-12, and created maps of neuronal activity in each
group. Next, we have compared the composite difference maps of activity between
22424 mutant vs. wild-type and between tsc2"?#V*# treated with ANA-12 vs. untreated
in order to check what brain regions are hypo- or hyperactive in the mutant fish,
and whether ANA-12 affect these differences. As seen before in calcium imaging
experiments (Doszyn et al., 2024), we have observed significant hyperactivity in the dorsal
part of the left habenula. Interestingly, ANA-12 lowered the activity in this region, even
though it did not affect light preference behavior (Doszyn et al., 2024), indicating that the
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effect of ANA-12 might be restricted to anxiety-like behaviors, even when the affected brain
regions have other functions as well. Furthermore, ANA-12 treatment did not result in
uniform dampening of neuronal activity, since some regions were unaffected by the
treatment, and those that were hypoactive in the tsc2"?**?* mutant, such as in the right
dorsal habenula, were hyperactivated by ANA-12 (Fig.3 A). A similar effect was observed
around the habenula commissure, which appeared separated into two distinct hyper- and
hypoactive tracts, whose levels of activity were reversed after ANA-12 treatment (Fig.3 B).
In the ventral part of both left and right habenula, too, cells that were hypoactive in untreated
tsc2v#M242 fish were more active after ANA-12, and vice versa (Fig.3 C). Therefore, we
demonstrated that ANA-12 could rescue both hypo- and hyperactivity in dysregulated brain
regions.
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Figure 3. Single z-slices representative of the dorsal habenula (A), area around the habenula
commissure (B), and ventral habenula (C). Due to the asymmetry of the habenulae (left Hb
being larger than right Hb) the pericommissural area shown here belongs to the dorsal left Hb
and ventral right Hb. The images were selected from maps of neuronal activity as measured
by the pERK/ERK ratio. Areas marked in magenta represent regions of lower activity in
tsc2™2#242 fish vs. wild-type siblings (left), and tsc2"?*?*># fish treated with ANA-12 vs.
untreated zsc2"?*"?*? (right), while areas marked in green represent regions of increased
activity respectively. The reference brain image is shown in black and white. The yellow and
blue arrows point to areas that were upregulated in the mutant but downregulated after
ANA-12, or vice versa. Scale bar =20 um.

The mammalian amygdaloid complex, located in the forebrain, plays a key role in sensory
and behavioral regulation, emotion, and cognition (Pabba, 2013). Most importantly for this
study, the amygdala is also crucial for proper responses to fear stimuli (LeDoux, 2000).
While its functionality is evolutionarily conserved, a notable difference between zebrafish
and mammals is that in the former, the telencephalon forms by eversion, rather than
evagination. As a result, the regions of the pallium, while sharing functional homology, are
oriented differently than in mammals, making the identification of corresponding structures
challenging (Bally-Cuif & Vernier, 2010). While the amygdala has been identified in adult
zebrafish (Lal et al., 2018; Porter & Mueller, 2020), there is still a knowledge gap with
regards to amygdala development at early larval stages. We have used the pERK/ERK
stainings to assess neuronal activity in the telencephalon of #sc2"?* fish at 5 dpf, and have
stained our samples against a number of markers known to be expressed in various pallial and
subpallial territories, in an attempt to identify the amygdaloid nuclei in the developing
zebrafish, and correlate the neuronal activity data with functional topology of the brain.
Those were the GABAergic neuron marker GAD65/67, the glutamatergic marker VGlutl,
neuropeptide Y (NPY), and the calcium-binding proteins calretinin and parvalbumin.

In the most dorsal layer of the #sc2"?#"?#? zebrafish pallium, we have found both hypo- and
hyperactivated cells. Following treatment with ANA-12, most notably, there was an increase
of activity along the midline in zs¢2"?****?* fish (Fig.4 A). This region was also distinguished
by clusters of calretinin-positive cells, located along the medial and posterior edges of the
white matter compartments (Fig.4 B-C), although no statistically significant differences in the
number of calretinin-positive cells were seen between neither genotypes nor treatment groups
(Fig.4 D). Following treatment with ANA-12, sporadic parvalbumin-positive cells were seen
in the lateral areas. GAD65/67 and VGlutl were expressed throughout this layer, with a
particularly strong enrichment in the white matter compartments (Fig.4 B).
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Figure 4. Representative data from the dorsal pallium. (A) Single z-slices from maps of
neuronal activity as measured by the pERK/ERK ratio, as described previously. Scale bar =
20 um. (B) Single z-slices from brains stained with antibodies against GAD65/67, VGlutl,
NPY, calretinin and parvalbumin, selected from the corresponding region of the pallium.
Yellow arrows point to distinct calretinin- and parvalbumin-positive cells. Scale bar = 20 um.
(C) Expression of markers in the medial, central and lateral areas of this layer, as found in
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wild-type fish. (D) Number of calretinin-positive cells in the dorsal pallium across all
genotypes in untreated vs. ANA-12-treated groups. Each dot represents one fish.

Below this region, moving in the dorsal-ventral axis, multiple hypo- and hyperactivated cells
could be seen around the white matter compartments; some of them, though not all,
responded to ANA-12 treatment (Fig.5 A). The strong expression of VGlutl/2 together with
positive immunoreactivity for GAD65/67 and parvalbumin (Fig.5 A-C) would suggest that
this region belongs to the intermediate zone of the subpallium, likely the posterior division of
the medial amygdala (MeAp). However, in accordance with data published by Porter and
Mueller (Porter & Mueller, 2020), MeA is distinguished by a high number of
calretinin-positive cells, which, in our case, were present only sporadically in this layer (Fig.5
B-O).
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Figure 5. Representative data from the next pallial layer. (A) Single z-slices from maps of
neuronal activity as measured by the pPERK/ERK ratio, as described previously. Scale bar =
20 um. (B) Single z-slices from brains stained with antibodies against GAD65/67, VGlutl,
NPY, calretinin and parvalbumin, selected from the corresponding region of the pallium.
Yellow arrows point to distinct calretinin- and parvalbumin-positive cells. Scale bar = 20 pm.
(C) Expression of markers in the medial, central and lateral areas of this layer, as found in
wild-type fish.

The next layer in the dorso-ventral axis showed a high increase in neuronal activity in
tsc2v#u24 fish compared to wildtype tsc2** siblings (Fig.6 A). Along the brain midline, the
neuronal activity was increased even further after ANA-12 treatment, although single
hypoactive cells were also seen (Fig.6 A). This area coincided with high numbers of
calretinin-positive cells, which was reduced in the tsc2"?**"?*> mutant, both in the control and
treated groups (Fig.6 B-D). In ANA-12-treated fish, there were also downregulated clusters
positioned laterally, which overlapped with the localization of parvalbumin-positive cells, and
positive immunoreactivity for GAD65/67 (Fig.6 A-C). However, in both cases, it could not
be determined for certain if those cells correspond to each other due to a lack of a triple
pERK+ERK-+parvalbumin or pERK+ERK+calretinin staining. The localization of this region
in the dorsal-ventral axis, and the expression of tested markers (GAD65/67+, VGlutl-,
calretinin+, parvalbumin+) suggest that this layer might correspond to the anterior division of
bed nucleus stria terminalis (BNSTa; labelled as BSTa in Porter & Mueller, 2020), however,
this could not be determined for certain. Ultimately, at this stage of development, and with
the markers used, we were not able to delineate the precise boundaries between the nuclei of
the medial and central amygdala, as well as the BNST.
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Figure 6. Representative data from the most dorsal layer of the subpallium. (A) Single
z-slices from maps of neuronal activity as measured by the pERK/ERK ratio, as described
previously. The yellow arrows point to one of the cells that were upregulated in the mutant
but downregulated after ANA-12. The blue arrows point to the main area along the midline
that was upregulated after ANA-12. Scale bar = 20 um. (B) Single z-slices from brains
stained with antibodies against GAD65/67, VGlutl, NPY, calretinin and parvalbumin,
selected from the corresponding region of the pallium. Yellow arrows point to distinct
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calretinin- and parvalbumin-positive cells. Scale bar = 20 um. (C) Expression of markers in
the medial, central and lateral areas of this layer, as found in wild-type fish. (D) Number of
calretinin-positive cells in the subpallium across all genotypes in untreated vs.
ANA-12-treated groups [p = 0.036 for control tsc2** vs. control tsc2™#*?# p =0.044 for

ANA-12 tsc2' vs. ANA-12 tsc2™#*, p = 0.011 for ANA-12 tsc2™* vs. ANA-12
tsc22#/242] Each dot represents one fish.

We have also found a population of hyperactive cells in the deeper subpallial layer of
tsc2"##242 telencephalon, which were downregulated by ANA-12 treatment (Fig.7 A). This
layer showed negative immunoreactivity for Vglutl. The expression of GAD65/67 and
parvalbumin was constrained to the olfactory pallium, where we have also observed a strong
calretinin signal (Fig.7 B, D). Single calretinin-positive cells were also found in both the
medial and lateral areas of this layer, however, there was no statistically significant difference
in their number between neither genotypes nor treatment groups (Fig.7 B-C). Based on its
topological position, we have labelled this region as the striatopallidum.

The most ventral layer of the #sc2?*"# fish telencephalon showed strong neuronal
hyperactivity in the anterior commissure and the precommissural area (Fig.8 A). By
comparison, in zsc2"?*"?# fish treated with ANA-12, the centrolaterally positioned regions
showed decreased activity, while there was an increase of neuronal activity along the midline
(Fig.8 A). We have also found a distinctive V-shaped cluster of parvalbumin-positive cells
(Fig.8 B-C). Based on its topological location and immunoreactivity to brain markers, we
identified this region as the septum. In the control group, the integrated density of the
parvalbumin signal in this area tended towards higher in the tsc2"?*****? mutant, although the
difference was not statistically significant. Conversely, in the group treated with ANA-12, the
median signal density was higher in the wild-type fish, and significantly lowered in the
tsc2"## 242 mutant, compared to both treated wild-type and untreated mutant (Fig.8 C).

149



A tsc27 + ANA-12 B
tsc2" vs. tsc2*/* vs. tsc2”" control tsc2*/*

DOWN
£9/59avo

ANA-12

MERGED uP
TLNIDA

ANA-12

@)

Medial Central Lateral
GADB5/67 - + +
VGlut1 - - -
NPY - - ++
Calretinin +/- +/- +/-
P i - — -
arvalbumin -0
i >
I —
. 2
"~ Ixl
D .
CALRETININ ~ =
control ANA-12 ‘T' i =~
30 £ . Z
<
L -
: - '
EZO .ck :u — Al . -
g . Loy . -
- . . ] .
—_ . A e =
3 5 B 3
M N2 P e
25 <
0 E IE
x - - [ - |-
tsﬁ'ﬂ e 1‘-'0?‘r a_sfr'l*'l o et E
=
™
.

Figure 7. Representative data from the next subpallial layer. (A) Single z-slices from maps of
neuronal activity as measured by the pERK/ERK ratio, as described previously. The yellow
arrows point to clusters of cells along the midline that were upregulated in the mutant but
downregulated after ANA-12. Scale bar =20 um. (B) Single z-slices from brains stained with
antibodies against GAD65/67, VGlutl, NPY, calretinin and parvalbumin, selected from the
corresponding region of the pallium. Yellow arrows point to distinct calretinin-positive cells.
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Scale bar = 20 um. (C) Expression of markers in the medial, central and lateral areas of this
layer, as found in wild-type fish. (D) Number of calretinin-positive cells in the middle
subpallial layer across all genotypes in untreated vs. ANA-12-treated groups. Each dot
represents one fish.
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Figure 8. Representative data from the most ventral layer of the subpallium. (A) Single
z-slices from maps of neuronal activity as measured by the pERK/ERK ratio, as described
previously. The yellow arrows point to laterally positioned areas that that were upregulated in
the mutant but downregulated after ANA-12. The blue arrow points to the cluster of cells
along the midline that was upregulated after ANA-12. Scale bar =20 pm. (B) Single z-slices
from brains stained with antibodies against GAD65/67, VGlutl, NPY, calretinin and
parvalbumin, selected from the corresponding region of the pallium. Yellow arrows point to a
distinct cluster of parvalbumin-positive cells. Scale bar = 20 um. (C) Expression of markers
in the medial, central and lateral areas of this layer, as found in wild-type fish. (D) The
integrated density count, representing the number and intensity of fluorescent signal, of
parvalbumin-positive cells in the ventral subpallium across all genotypes in untreated vs.
ANA-12-treated groups [p = 0.0129 for control tsc2"?#*"# vs. ANA-12 tsc2"?#/# p =
0.032 for ANA-12 tsc2** vs. ANA-12 tsc2?*"*]. Each dot represents one fish.

Discussion

Following our previous findings concerning anxiety-like behavior in zsc2'*?**# fish, and the
anxiolytic potential of the TrkB inhibitor ANA-12, our results support the finding that
pretreatment with ANA-12 rescues anxiety-like symptoms in tsc2"?#?"***? Jarvae. We have
confirmed that ANA-12 lowers the hyperactivation of TrkB seen in the tsc2'?*"?*? mutant,
and acts independently of rapamycin-dependent activity of mTorC1. At the same time, we
have observed that a 24 h treatment with ANA-12 had the same effect on anxiety-like
behavior as treatment with rapamycin from 2 dpf. This suggests that dysregulation of
mTorC1 signaling in early development contributes to the etiology of anxiety.

The dorsal habenula is known to regulate fear responses, as experiments with Hb-lesioned
fish showed increased freezing behavior in response to conditioned aversive stimuli
(Agetsuma et al., 2010; Lee et al., 2010) and increased anxiety in a novel environment
(Mathuru & Jesuthasan, 2013) in the lesioned individuals. It was also found through rodent
studies that the inhibition of both glutamatergic and GABAergic signalling within the lateral
Hb, which corresponds to the ventral Hb in zebrafish, induced anxiety, as measured by
exploration in the open field test (Lecourtier et al., 2023). Studies have also demonstrated the
role of zebrafish ventral Hb in processing aversive stimuli and learning from negative
outcomes (Amo et al., 2014; Chou et al., 2016). Crucially, interrupting the function of ventral
Hb affects active avoidance learning, but not panic behavior, which might contribute to
exaggerated fear responses as seen in anxiety disorders (Amo et al., 2014). We have found
clusters of dysregulated neuronal activity in both dorsal (dHb) and ventral (vHb) habenulae
of tsc2"#*"?#2 mutant in comparison to wild-type siblings. The dysregulated neuronal
activity that we have observed in the vHb of the tsc2"?*"?*? mutant might lead to impaired
processing of anxiogenic stimuli, and produce a persistent anticipation of negative outcomes,
leading to behavioral responses such as reduced exploration in the open field test. Treatment
with ANA-12 would then ameliorate the exaggerated anxiety response. Moreover, in our
previous work we have noted improper formation of commissural tracts in the tsc2"2#V#
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mutant, including the anterior (Kedra et al., 2020) and habenular (Doszyn et al., 2024)
commissures. The habenula commissure (HC) is formed by tracts projected from the pallium,
the eminentia thalami and the posterior tuberculum (Hendricks & Jesuthasan 2007). Here, we
have found that neuronal activity in those tracts was dysregulated in the zsc2"***"?*? mutant,
potentially contributing to its stunted development, and improper processing of stress-related
information by the habenulaec. However, further experiments would be necessary to confirm
the link between neuronal activity in the HC, habenula dysconnectivity and anxiety-like
behavior.

Based on the topological models proposed by Porter and Mueller (Porter & Mueller, 2020),
we attempted to identify components of the amygdaloid complex in the developing zebrafish
telencephalon at 5 dpf. We were able to delineate five telencephalic zones, based on their
location in the dorsal-ventral axis, as well as the expression patterns of GAD65/67, VGlutl/2,
NPY, calretinin and parvalbumin (Fig. 9 A-C). We have putatively labelled them as dorsal
telencephalon (D), posterior division of the medial amygdala (MeAp), anterior division of
bed nucleus stria terminalis (BNSTa), striatopallidum (Str/PA), and septum (Se).

The basolateral amygdala (BLA) plays a crucial role in fear conditioning (LeDoux, 2000).
Glutamatergic neurons found in the basolateral amygdala (BLA) are key to fear learning
following aversive stimuli, and their inhibition impairs this process (Sengupta et al., 2018).
The majority of GABAergic interneurons in the BLA express calcium-binding proteins
parvalbumin or calretinin, though cells expressing those markers form separate populations
(Sah et al., 2003). Studies on goldfish, and later also zebrafish, pointed to the dorsomedial
telencephalon as its teleostan equivalent (Aoki et al., 2013; Portavella et al., 2002), and it is
currently believed that the zebrafish central and pallial amygdala territories correspond to the
mammalian BLA (Porter & Mueller, 2020). It is possible that in our horizontal sections of the
brain, the calretinin-positive cells in the first dorsal layer belong to the pallial amygdala,
however, we have not been able to confirm this; we have also not subjected our larvae to
repeated aversive stimuli to determine whether they also experience a dysregulation in fear
learning.

While we were not able to precisely define the boundaries of pallial, central and medial
amygdala at this stage of development, we have identified the localization Str/PA and Se. We
based our identification on their location in the dorsal-ventral axis, by comparing our results
to previously published models of the zebrafish telencephalon (Gerlach & Wulliman, 2021;
Porter & Mueller, 2020; Tanimoto et al., 2024). These ventral regions of the subpallium were
also where we have noted the most prominent differences in neuronal activity between
tsc2™?#242 Jarvae and wild-type siblings, that were also clearly reversed by ANA-12
treatment.

In humans, various parts of the striatum are involved in decision making and motivation
(Porter et al., 2015). Rodent studies have also shown that dopaminergic neurons in the
nucleus accumbens (NAc) and the posterior tail of the striatum (TS) take part in threat
learning (Duvarci, 2024). Notably, dopaminergic projections into the TS drive avoidant
behaviors in response to novel stimuli, but do not encode outcome values (Menegas et al.,
2018). Therefore, it is possible that the hyperactivity of striatal neurons in sc2"?*"?* fish is
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similarly linked to exaggerated threat avoidance and “anticipatory” anxiety that is not
ameliorated by a lack of actual negative outcomes.

A Anterior ‘

[ cADe5/67
Left Right .VGIut1

; NPY
Posterior .
Calretinin
OE ' .
oso, ‘ .Parvalbumln
T T
# »
£ N
£ A
i )
I \
| |
\ !
¥ /
Y /
A _

B Neural tube
/‘ \ Str/PA

Mouse Zebrafish
- evagination - eversion
!r’—"'\:‘, '—_"‘\S

Dorsal

dLGE - ’
Left —J— Right

Ventral

Figure 9. Graphical representations of the developing zebrafish brain. (A) Dorsal view of the
forebrain at 5 dpf, showing the locations of the pallium, the olfactory bulbs (OB), olfactory
epithelium (OE), pineal complex (P), and left and right habenulae (LHb, RHbD), as well as the
eyes, marked in grey. This orientation corresponds to the immunofluorescence images shown
in the results section. (B) A simplified diagram showing the processes of evagination and
eversion, comparing the development of mouse and zebrafish brain, and the location of
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homologous structures. As seen here, eversion results in the components of the amygdaloid
complex (pallial amygdala (PAmy), central and medial amygdala (CeA/MeA), bed nucleus
stria terminalis (BNST), striatum (Str), pallidum (PA), and septum (Se)) being located along
the midline, rather than laterally. (C) Schematic representations of the localization of
GAD65/67, VGlutl, NPY, calretinin and parvalbumin at the level of dorsal telencephalon
(D), posterior division of MeA (MeAp), anterior division of BNST (BNSTa), striatopallidum
(Str/PA) and Se, based on our immunofluorescence data.

In mammals, the lateral septum (LS) is comprised of both anxiolytic and anxiogenic neuronal
populations (Chen et al., 2021; Rizzi-Wise & Wang, 2021). The heterogeneity of LS function
could also be related to its role in assessing changes in valence. It has been hypothesized that
the LS might integrate motivation, mood and movement signals. Therefore, animals with
dysregulated LS would respond incorrectly to various environmental cues, and could react
with exaggerated motor responses (Wirtshafter & Wilson, 2021). The medial septum (MS) is
also known to be involved in regulation of anxiety (Chang et al., 2025), as well as processing
fear memory (Calandreau et al., 2007). Specifically, inhibiting the function of MS resulted in
impaired extinction of fear memory (Knox & Keller, 2015; Tomaszewski et al., 2024;
Tronson et al., 2009). While we have not delineated sub-regions of the septum, the lateral
regions which were hyperactivated in zsc2"?*"?* fish and downregulated by ANA-12 could
correspond to the parts of mammalian LS that promote anxiety-like behavior. At the same
time, we have observed an upregulation of the medial septum in fish treated with ANA-12.
However, additional behavioral testing would be necessary to determine whether ANA-12
promotes boldness and exploratory behavior by increasing fear memory extinction.

In summary, we have found that multiple brain regions involved in anticipation of negative
outcomes and processing anxiogenic stimuli are dysregulated in the #sc2"?**"*?* mutant.
Treatment with ANA-12 rescued this impairment in multiple areas, particularly the habenula
and ventral subpallium. We were also able to identify the latter as corresponding to the
mammalian striatopallidum and septum. A further investigation into the neurotransmitters
released by the affected neurons and their connectivity could resolve the precise mechanism
of TrkB-regulated anxiety-like behavior in the #sc2"?*"“?* zebrafish model.

Limitations

In the larval zebrafish, such as were used in this study, the brain is smaller, and the processes
of eversion and outgrowth are still in progress, which makes distinguishing between various
brain regions more challenging than in adults. Additionally, some markers might not yet be
expressed in early development, or be expressed differently because cells are not yet fully
specified. Nevertheless, further studies including more brain markers should help in
distinguishing regions that we were not able to identify. Other than by spatial inference, we
were also not able to directly correlate neuronal activity with the expression of marker
proteins, as the limited availability of zebrafish-specific antibodies did not allow for triple
stainings with pERK/ERK. Therefore, for neurons with observed differences in activity, we
were not able to fully classify them by neurotransmitter or molecular markers.
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Chapter 9. Conclusions, general discussion and
future perspectives

TSC-associated neuropsychiatric disorders affect the majority of TSC patients; yet the
mechanisms by which they arise have not yet been fully understood. This thesis aimed to
elucidate the molecular pathways and patterns of brain activity underpinning anxiety-like
behavior in the #sc2?*"* zebrafish, as well as disturbances in light processing in the
context of sensory processing alterations seen in ASD. My results have uncovered the
mechanism by which mTorC1 hyperactivity in the left dorsal habenula disrupts the larval
response to light, potentially recapitulating the sensory overstimulation observed in autistic
patients. Additionally, I have made strides towards identifying the components of the
amygdaloid complex, the region that governs fear and anxiety-related responses, in the
developing zebrafish brain. I have also analyzed the role that TrkB signaling plays in
modulating anxiety behavior and brain activity across the zebrafish telencephalon.

9.1 Aberrant light processing in the zsc2 mutants

In a previous study conducted in our laboratory, Kedra et al. have demonstrated anxiety-like
features in the tsc2"?*"?*? zebrafish (Kedra et al., 2020). However, in the light preference
test, the mutant larvae spent less time in the light, which appeared to contradict the
established paradigm, according to which in larval zebrafish, anxiety and environmental
stressors lead to increased phototaxis (Bai et al., 2016). Additionally, ANA-12, the TrkB
inhibitor which previously rescued anxiety symptoms (Kedra et al., 2020), did not correct the
light preference deficit. Therefore, I explored the possible underlying causes of this effect.
Together with DSc. habil. Zmorzynska, I have identified a mechanism by which
hyperactivation of mTorC1 in #sc2"***“?*? zebrafish leads to aberrant neuronal activity in the
left dorsal habenula, resulting in hypersensitivity to light, driving light avoidance. The same
mechanism might potentially occur in TSC patients with ASD, as heightened sensitivity to
sensory stimuli is a common feature of autism (Little et al., 2018). The initial contradiction
between the typical anxiety phenotype and light avoidance that we have observed when
interpreting our results could also be used to exemplify how in human patients, co-occurring
disorders can interplay to produce atypical symptoms, and make accurate diagnosis more
challenging.

The lack of light preference in tsc2?*™?*? fish was rescued with mTorC1 inhibition.
However, it is worth noting that the effect of rapamycin on behavior and brain activity was
achieved with pretreatment — rather than being delivered acutely just before the experiment,
rapamycin was introduced to the bathing medium from 2 days post fertilization (dpf)
onwards, or injected directly into the habenula at 3 and 4 dpf; in fact, a single injection of
rapamycin was not sufficient to produce a sustained effect on hyperactivated mTorCl1 in the
tsc2"##?242 mutant. This is consistent with rodent studies showing that there is an effective
treatment window in early development (so called critical periods; Cox et al., 2018; Tsai et
al., 2018), and the timing of rapamycin treatment is crucial for the rescue of TSC symptoms.
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Currently, clinical trials evaluating the safety and efficacy of sirolimus treatment in infants
under 4 to 6 months of age are underway (Capal et al., 2024; Driedger et al., 2025).

9.2 Mapping anxiety in the developing zebrafish

The BDNF-TrkB signaling pathway plays a significant role in synaptic plasticity and learning
(Minichiello, 2009), as well as dendrite growth and maintenance through the activation of
mTORC1 (Moya-Alvarado et al., 2023). Following previous results obtained in our
laboratory (Kedra et al., 2020), I have also corroborated the involvement of TrkB in
anxiety-like behavior of tsc2"?**# zebrafish larvae. I have confirmed that TrkB is
hyperactivated in the tsc2"?**?* mutant, and that ANA-12 rescues this hyperactivation,
resulting in amelioration of anxiety, as seen in the open field and sudden light changes tests.
Therefore, while TrkB signaling is not a 1:1 proxy for anxiety, I have used ANA-12 as a tool
to track changes in anxiety-related brain activity and behavior.

Together with DSc. habil. Zmorzynska, I have then analyzed the differences in neuronal
activity in the habenula, pallium and subpallium, and whether activity of those regions is
affected by ANA-12 treatment. As the zebrafish habenula is located dorsally, and
morphologically distinct from neighboring structures, it is easy to identify and image. I have
noted multiple clusters of hypo- and hyperactivated cells in both the left and right habenula of
tsc2™2#242 fish, the majority of which were regulated by ANA-12, suggesting that the
anxiogenic effect of TrkB signaling is exerted through habenular circuitry. However, I also
aimed to explore the activity of the amygdaloid complex, which is much more challenging to
identify due to the everted development of the zebrafish telencephalon (see Chapter 8, Fig.
9). Up to date, the most comprehensive work identifying the zebrafish amygdaloid territories,
and their homology to the mammalian equivalent, was conducted in adult fish (Porter &
Mueller, 2020). My goal was to delineate the same brain regions in larvae at 5 dpf, based on
their localization in the dorsal-ventral axis and the expression of known marker proteins. The
septum, identifiable as the most ventral layer of the telencephalon, showed significant
differences in neuronal activity between tsc2"?*"?#? fish and wild-type siblings. In addition
to reversing the pattern of activity, treatment with ANA-12 also regulated the expression of
parvalbumin in this region. Interestingly, a dysregulation of parvalbumin-positive medial
septum neurons was recently discovered in a mouse model of Dravet syndrome (DS), a
neurodevelopmental disorder caused by pathogenic variants in the SCNI/A4 gene (Zhu et al.,
2024). DS and TSC share multiple symptoms, such as epilepsy, developmental delay,
intellectual disability, and ASD features (Villas et al., 2017). While the study by Zhu et al.
utilized primarily electrophysiological recordings, and therefore their results are not directly
comparable with the findings of this thesis, it raises the possibility that dysfunction of septal
neurons contributes to the shared features of DS and TSC.

In order to confidently identify the remaining telencephalic regions, a wider array of markers
would be necessary. Delineating the borders between pallial amygdala (pAmy), medial and
central amygdala (MeA and CeA) and the bed nucleus stria terminalis (BNST) was
particularly challenging. Most of the amygdaloid nuclei are Isl1-negative, with the exception
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of the medial division of BNST, determined to be an extension of the striatopallidal systems
(Porter & Mueller, 2020). In adult zebrafish, the MeA, with its large numbers of
calretinin-positive neurons, is distinct from the calretinin-negative CeA. While I have found
layers with fewer calretinin-positive cells, they were not entirely absent. Therefore, another
marker, such as substance P, also found in the MeA but not CeA, would help to confirm the
identity of each region. Additionally, the posterior division of MeA is considered an
eminentia thalami derivative, and therefore shows high levels of transcriptional regulator
Lhx5 (Porter & Mueller, 2020). In terms of the most dorsal layer of the pallium, I have
speculated that the calretinin-positive cell clusters could be a part of the pAmy. I have used
VGlutl as a marker of glutamatergic neurons; however, the expression of VGlut2 should
confirm the location of pAmy, and whether it overlaps with the calretinin-positive area seen
in my data (Porter & Mueller, 2020). In the ventral part of the subpallium, I have labelled the
layer located dorsally of the septum as the striatopallidum. This region should be
Isl1-positive, similarly to part of BNST (Porter & Mueller, 2020). The expression of Lhx6
and Nkx2.1 has been previously used to mark the pallidum (Mueller et al., 2008; Tanimoto et
al., 2024). In turn, tyrosine hydroxylase (TH) could be used to mark the dopaminergic
projections found in the striatum (Rink & Wulliman, 2001). It might also be worthwhile to
analyze the expression of marker proteins in older larvae, in order to track the continuous
development of amygdaloid territories in the zebrafish. A thorough understanding of
zebrafish amygdala development will enhance the potential of the zebrafish as a model for
translational research aimed at elucidating the mechanisms of anxiety, and investigating novel
treatments of anxiety disorders.
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Figure 1. Expression of selected markers sourced from ZBrain atlas
(https://zebrafishexplorer.zib.de/home/) — panel A and Mapzebrain (Kunst et al., 2019) —
panels B-E. The expression of VGlut2 along the midline in the dorsal pallium (arrow, panel
A) could mark the pallial amygdala. The expression of Lhx5 marks the posterior division of
MeA (B). The expression of Isll extends dorsally to the BNST (C), but is also found in the
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striatum, although it does not overlap with TH-positive cells (D). Overlapping expression of
Nkx2.1 and Lhx6 is found medially in the pallidum (E).

9.3 TSC, anxiety and autism: future perspectives

Psychiatric comorbidity is common in children with ASD. According to one study, among the
diagnosed concomitant disorders, anxiety disorders were reported in 56% of cases
(Brookman-Frazee et al., 2018), while a meta-analysis by Lecavalier et al. calculated a total
of 41.9% prevalence of various anxiety disorders found across several cohorts of children
with ASD (Lecavalier et al., 2019). However, in a much broader meta-analysis, which also
included adult patients, this value dropped to 20% (Lai et al., 2019). In general, reported rates
of anxiety disorders in both children and adults with ASD vary greatly (Hollocks et al.,
2019). These discrepancies are possibly caused to a large extent by shifting diagnostic
criteria, particularly when it comes to overlapping symptoms. For example, social anxiety
disorder can be difficult to distinguish from the lowered social preference typical for many
autistic individuals, or compulsive behaviors characteristic of obsessive-compulsive disorder
can be mistaken for the proclivity for repetitive behaviors as observed in ASD (Dulski et al.,
2025; Hollocks et al., 2019). At the same time, co-occurring conditions can exacerbate each
other. The distress caused by an anxiety disorder can worsen behavioral symptoms associated
with ASD. In turn, various symptoms of autism, such as social difficulties or hypersensitivity
to sensory stimuli, as well as common experiences of bullying, discrimination, and lack of
adequate support, can all contribute to greater anxiety (Postorino et al., 2017). Similarly,
increased rates of anxiety have been reported in people with various chronic physical
illnesses (Lebel et al., 2020), including in children suffering from epilepsy (Cobham et al.,
2020). Therefore, while at present a possible shared etiology between ASD and anxiety
cannot be excluded, the mutual feedback of different symptoms, as well as the impact of
non-psychiatric aspects of TSC on TANDs should be considered in future studies.

In our zebrafish model, we observe anxiety-like behavior at 5 dpf, while social preference is
only fully developed at 3 weeks of age (Dreosti et al., 2015), in contrast to humans, who
exhibit social behaviors from birth (Xiao et al., 2014) suggesting prenatal development of this
behaviors. However, 1 have demonstrated that the #sc2"?**?*? zebrafish at 5dpf display
aberrant sensory processing, which is also an ASD-like symptom, alongside anxiety-like
behavior. While the habenula plays a key role in both of those processes, they are not
governed by the same mechanisms; as I have shown, anxiety in the tsc2"?*"?* fish is
regulated by the TrkB pathway, while the response to light is not. Additionally, I have also
found areas in the subpallium, which I have identified as parts of the amygdaloid complex
responsible for fear and threat avoidance learning, where inhibition of the TrkB pathway
altered neuronal activity. While the picture of amygdaloid circuitry in larval zebrafish is not
yet complete, my work can serve as a starting point for future studies aiming to elucidate how
dysregulation of neuronal activity and connectivity formation in early development
contributes to neuropsychiatric disorders later in life.
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Moreover, while it was not the subject of this thesis, in our immunofluorescence staining data
I have noticed high levels of P-Rps6 in the pineal complex of zsc2"***"?#? mutant zebrafish
compared to wild-type siblings. The function of the pineal complex, conserved across
vertebrates, is to serve as a circadian clock, regulating the cycle of melatonin production and
release to determine sleep patterns. It possesses a self-sustaining, intrinsic circadian
oscillator, as well as a photoreceptive system allowing for entrainment by light exposure
(Cahill, 1996; Falcon et al., 2009). The pineal organ is also very important for the formation
of left vs. right habenula identity (Gamse et al., 2003). Crucially, dysregulation of the
circadian patterns of melatonin and cortisol secretion has been correlated with many
neuropsychiatric disorders (reviewed in Gianotta et al., 2024). Zebrafish possess a highly
conserved biological clock, and secrete both cortisol and melatonin (Aranda-Martinez et al.,
2022; Midttun et al., 2022). Additionally, they are diurnal (Zhdanova, 2006), which makes
them potentially advantageous for modeling human sleep disorders, in comparison to
nocturnal animals such as rodents.

Disturbances in the circadian rhythm, melatonin secretion and sleep patterns have been
frequently reported in ASD patients, and mutations of multiple circadian clock genes have
been linked to ASD (Carmassi et al., 2019; Lorsung et al., 2021; Yang et al., 2016). Among
them, haploinsufficiency of Bmall, an essential circadian clock gene, has resulted in an
autism-like phenotype in mice, including behavioral changes such as aberrant vocalizations,
deficits in sociability, repetitive behaviors, motor impairments and anxiety-like behavior. In
addition to those behavioral changes, as well as decreased levels of clock proteins
downstream of Bmall, Bmall+/— mouse mutants have also shown increased activity of
mTORCI in the cerebellum and forebrain, as measured by pRps6 levels, linking mTORC1
hyperactivation with aberrant circadian rhythms (Singla et al., 2022). While my results
demonstrate the direct role of mTorC1 activity in the left dorsal habenula in light preference
behavior, the observed mTorC1 hyperactivation in the pineal complex suggests that a further
study might be needed to investigate the potential role of the pineal organ in the
dysregulation of habenula development and regulation of light processing or circadian
thythm in TSC. Moreover, a recent study conducted in mice has found a link between
circadian rhythm dysfunction, through either the loss of Bmall or lesions of the
suprachiasmatic nucleus, and depression and anxiety-like behaviors. Both the lesioned and
knockout mice showed disrupted TrkB signaling in the striatum, and the injection of ANA-12
into the striatum rescued the behavioral symptoms, pointing to Bmall as a potential target for
treatment of not only sleep disturbances, but also mood disorders (Liang et al., 2025). Taken
all together, this also underscores the complexity of how various TANDs can both share
underlying causes, and interplay on a symptomatic level.
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