Experimental Zebrafish Models of Synaptopathies
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Abstract⸺Synaptopathies represent a heterogeneous group of severe, debilitating neurological diseases characterized by structural and functional synaptic deficits. Common synaptopathies include epilepsy, schizophrenia, prion diseases, autism spectrum disorders, various autoimmune diseases, and cochlear synaptopathies. Their pathogenesis is caused by both genetic and environmental factors. However, the relationship between the cause and clinical manifestations of each particular synaptopathy, as well as their therapy, remain poorly understood. Here, we discuss animal models of synaptopathies with a special focus on zebrafish (Danio rerio) and outline several lines of future research in this field. Overall, the zebrafish emerges as a promising organism to mimic a wide range of synaptopahies, paralleling and complementing their existing models in rodents. 
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INTRODUCTION


Synaptopathies form a vast and clinically heterogeneous group of neurological diseases whose common pathogenetic mechanism is based on a synaptic dysfunction [1]. Synaptopathies can be caused by genetic mutations, autoimmune processes, inflammation, toxic exposure and multiple other factors [2−4]. Clinically important and prevalent types of synaptopathies include autism spectrum disorders [5−7], epilepsy [8], schizophrenia [9], prion diseases [10], as well as autoimmune [2] and auditory (cochlear) synaptopathies [11]. These diseases manifest themselves as central nervous system (CNS) dysfunctions, including developmental delay, motor discoordination, muscle weakness, seizures, as well as speech and memory disorders [1, 5]. The main trigger of synaptopathies is a disruption in the release, transfer, or binding of neurotransmitters, especially acetylcholine, gamma-aminobutyric acid (GABA), glutamate, and dopamine [1, 6, 7].

Toxic synaptopathies include botulism and tetanus poisoning which disrupts cholinergic and GABAergic transmission, leading to muscle paralysis and seizures, respectively [12−15]. Prevalent cochlear synaptopathies are hearing disorders caused by impaired synaptic transmission between cochlear hair cells and auditory nerve cells due to aging or exposure to loud noise or ototoxic drugs [16]. Genetic synaptopathies include a broad spectrum of diseases caused by mutations of certain genes or loss of parts of chromosomes. The latter etiology can be exemplified by cri du chat (cat-cry or Lejeune’s) syndrome, a rare genetic disorder caused by a partial deletion on chromosome 5, which causes such neurological disorders as developmental delay, impaired communication skills, and motor discoordination [17]. Another widespread synaptopathy is fragile X chromosome syndrome (FXS or Martin-Bell syndrome), an inherited condition caused by a mutation in the gene encoding the FMR1 (fragile X messenger ribonucleoprotein 1) protein, which causes, among other problems, synaptic defects, mental retardation, motor discoordination, impaired speech, social and other behaviors [5]. Rett syndrome is a genetic synaptopathy caused by a mutation in the gene of the methyl-CpG-binding protein 2 (MECP2), leading to synaptic defects, slow thinking, loss of handwriting skills, as well as impaired speech and social behavior [18].

Autoimmune synaptopathies are characterized by an immune system’s attack on synaptic structures [2] and include myasthenia gravis (MG), Lambert-Eaton syndrome, dermatomyositis, and acquired neuromyotonia. MG is a chronic autoimmune disease causing muscle weakness and fatigue [19]. In this pathology, the body’s immune system attacks its own acetylcholine receptors (AChRs) on muscles, leading to their destruction or inhibition [2, 19] and thus causing speech disorders, muscle cramps [20], and (in severe cases) a myasthenic crisis requiring immediate therapeutic intervention [21]. In Lambert-Eaton syndrome, the autoimmune attack targets voltage-gated calcium channels in nerve endings, leading to impaired neuromuscular signal transmission and muscle weakness [2, 22, 23]. Its clinical symptoms include ataxia, uncoordinated movements, altered sensitivity, as well as dry mouth and xerophthalmus [22]. Dermatomyositis is characterized by inflammation of muscles and skin [24]. In this case, the immune system’s attack can target synapses in the muscles, disrupting neuromuscular transmission [25] and causing muscle weakness and fatigue [24]. Acquired neuromyotonia is characterized by hyperexcitability of neuromuscular junctions [2], causing cramps, tremors, neural excitation, and muscle pain. The autoimmune form of this disease is associated with the production of autoantibodies to the organism’s own potassium channels in neuromuscular junctions, which increases the excitability of the latter and causes muscular hyperactivity [26].
TRADITIONAL EXPERIMENTAL RODENT MODELS OF SYNAPTHOPATHIES


Experimental animal models are widely used to study the pathogenetic mechanisms of synaptopathies. For example, a model of neuropathic pain caused by trigeminal nerve injury was developed in Wistar rats, allowing investigation of pathological changes in synapses associated with chronic pain, as well as testing new analgesic drugs [27, 28]. Transgenic rodents with mutations causing synaptic dysfunction are widely used to model synaptopathies. For example, mutations in the PSD-95 gene, encoding the postsynaptic density protein [29], manifest themselves in mice as behavioral abnormalities, such as hyperactivity in the open field test, impaired memory in the Morris water maze, and reduced social interaction in the three-chamber sociability and social novelty test [30]. SHANK3 knockout, which disables the SH3 and multiple ankyrin repeat domains 3 protein (ANKs are postsynaptic density components that directly link neurotransmitter receptors, ion channels, and other membrane proteins to the actin cytoskeleton and G protein-coupled signaling pathways), causes increased grooming activity and social interaction deficits in mice [31]. Yet another model of genetic synaptopathies employs a transgenic rTg4510 mouse strain expressing the gene encoding mutant human tau protein (whose function is binding to microtubules to promote their initiation and stabilization required for axonal transport and synaptic transmission), which results in spatial memory deficits, neurodegeneration, and impaired synaptic plasticity [32].

Another approach to experimental modeling of synaptopathies is based on axonal injury in rodents via craniocerebral trauma, which triggers pathological calcium-induced modifications of the axonal cytoskeleton, leading first to synapse destruction and eventually to neuronal death [33]. The use of this model allows dissecting the mechanisms of synaptic regeneration and developing new methods to stimulate the growth of nerve fibers and to restore synaptic function [33]. To induce cochlear synaptopathies, rodents are exposed to various experimental insults [16, 34], e.g., excessively loud sounds [11]. These models are also widely used to test the effects of various pharmacological agents (e.g., dexamethasone, prednisolone, minocycline, and others) [35], as well as to study various therapeutic approaches, e.g., eliminating or ameliorating cochlear synaptopathies through photobiomodulation [34]. These models are also instrumental in studying age-related hearing loss due to synaptic apparatus dysfunction in hair cells [36].

The impact of various embryonic developmental factors able to cause synaptopathies has also been investigated in rodents in depth [37, 38]. For example, asphyxia of pregnant rat dams causes oxygen starvation of the fetus [39], leading to a synaptic apparatus dysfunction in brain neurons via misfolding and pathological aggregation of synaptic proteins in the corpus striatum [37]. Meanwhile, therapeutic hypothermia, as well as such drugs as nicotinamide, estradiol and palmitoylethanolamide, have neuroprotective properties and thus reduce the damage caused to the synaptic apparatus of nerve cells by perinatal hypoxia [38]. There are well-validated rodent models of many other common synaptopathies [9, 10], including epilepsy [8] and autism spectrum disorders [6]. They enable probing pathological changes in synapses, developing new drugs and therapeutic approaches, and identifying the mechanisms of synaptic regeneration and functional restoration. However, gaining insight into common, evolutionarily conserved brain pathologies is impossible without using an evolutionary-physiological, cross-taxon analysis, as well as expanding the spectrum of model organisms involved.
ZEBRAFISH MODELS OF SYNAPTOPATHIES


The zebrafish (Danio rerio) is rapidly becoming a popular model organism in neurobiological research [40, 41], and has many advantages for studying neurological diseases, such as synaptopathies. For example, their high reproductivity [42] appreciably facilitates, cheapens and increases the representativeness of test results. The transparency of zebrafish embryos and larvae enables a high-resolution observation and examination of the processes occurring therein, which is of particularly importance for tracking nervous system development and especially synaptogenesis that occurs early in embryonic development. Using various modern techniques, including real-time microscopy and engineering of genetically modified zebrafish, helps visualize and analyze the formation and functionality of synapses at the molecular level and, again, at a high resolution [43]. Finally, the genetics of zebrafish is already fully established, and a wide range of genetic methods have been applied to these fish [44]. Specifically, the availability of multiple genetically modified zebrafish strains allows various aspects of synaptopathies to be explored, especially since genetically modified zebrafish for mimicking synaptopathies can be generated using the CRISPR/Cas9 system to introduce or alter specific genetic mutations associated with synaptic disorders (see below). Such models provide an excellent opportunity to probe pathological changes in neurons more thoroughly, as well as to test new treatment approaches with consideration to the genetic mechanisms behind these abnormalities.


While modeling synaptopathies on zebrafish, special attention should be paid to their ability to regenerate nerve cells and synapses. For example, zebrafish can be used to study the processes of synaptic regeneration and restoration after damage or disease [45]. Fish have a large number of neurogenic niches in the brain and undergo active neurogenesis in adulthood [46], which enables a wide range of translational studies in neurogenesis. For example, neurogenesis initiation has been studied in a zebrafish model of induced hyperlocomotion, in which activation of cholinergic transmission from spinal locomotor neurons stimulates spinal neural stem cells, leading to neurogenesis in adult fish [47]. Interestingly, similar processes of exercise-induced neurogenesis activation have been observed in humans [48], confirming the importance of zebrafish for generating translational models of both synaptopathies and neurorehabilitation. Moreover, as compared to rodents and humans, zebrafish have a higher ability to regenerate nervous and other tissues, which allows replenishing lost or damaged nerve cells and synapses [49]. For example, when the spinal cord is transected in fish (unlike rodents and humans), neuron−neuron connections recover in a matter of weeks, allowing normalization of neurological functions that were lost after injury [50]. Thus, zebrafish is a valuable and unique model to study the processes of regeneration and restoration of nerve cells and synapses.

Zebrafish-based genetic models are also widely used to study and model synaptopathies [51]. They employ genetically modified zebrafish wherein the genes responsible for synaptic function are inserted or altered by the CRISPR/Cas9 method [52]. For example, several zebrafish models have been generated by inserting mutations into the genes encoding glycinergic synaptic transmission proteins [53]. The first model carries a mutation leading to a loss of function of the glycine receptor (GlyR) β-subunit, as manifested by uncoordinated movements due to defective GlyR cluster formation at synapses which results in impaired glycinergic synaptic transmission in spinal cord motoneurons [53]. The second model has a mutation in the gene for the glycine transporter 1 (GlyT1), which is required for normal synaptic signal transmission, because of which zebrafish mutants respond to tactile stimulation with seizures instead of normal swimming. Electrophysiological analysis shows that tactile stimulation evokes arrhythmic muscle activation in these mutants instead of rhythmic excitation in wild-type animals [53]. Similar models allow probing the mechanisms that underlie synaptopathies, as well as testing potential pharmacological and genetic therapies in vivo.

Zebrafish also provide a unique opportunity to visualize and investigate real-time synaptic mobility, including via high-resolution two-photon microscopy that visualizes the synaptic structure and function both in vivo and in intact tissues [54]. Using various fluorescent tags (e.g., Dronpa and Kaede proteins) enables tracking the movement and interaction of synaptic structures in such models, as well as studying synaptic plasticity and changes associated with different functional states and experimental manipulations [54]. For instance, using the photoswitchable fluorescent protein Dronpa, a correlation has been shown between the contribution of different synapses to signal transduction and their distance from the neuronal soma. It has been elucidated that synapses, located near the soma and, hence, able to quickly reach the nucleus to trigger gene expression, make the most significant contribution to electrochemical signal transmission via the ERK (extracellular signal-regulated kinase)/MAPK (mitogen-activated protein kinase) pathway, whereas synapses activated in the remote parts of a neuron contribute to local signal transmission only [55]. Using the fluorescent protein Kaede, the features of the neuronal synaptic organization, as well as direct and/or indirect connections of granule cells with Purkinje cells and efferent neurons, have been revealed in the zebrafish cerebellum [56]. This allows understanding the functions of the cerebellar synaptic apparatus and the connectivity both between different parts of the cerebellum and between the entire cerebellum and other brain regions, thus expanding our knowledge of the nature of motor disorders, including those occurring in synaptopathies.

Zebrafish models are also actively used to model auditory synaptopathies [57, 58]. For example, the neurotransmission-modulating effects of calcium on cochlear hair cells have been studied in the zebrafish auditory system, whereas the hair cell stimulation leads to a massive calcium influx into the afferent endings of the auditory nerve, which can damage them due to an excitotoxic effect of excess cytoplasmic calcium [57]. Moreover, extra-loud sound exposure exerts an excitotoxic effect on the major type of synapses in fish hair cells, the ribbon synapses, leading to their dysfunction and, hence, hearing loss [59]. Modeling of auditory synaptopathies in zebrafish is also feasible through the use of their unique additional auditory organ, the lateral line [60]. The latter represents a sensory organ, specific to fish and amphibians, which responds to changes in water movement and is involved in a multitude of behavioral acts, from prey detection and predator avoidance to swimming in a shoal and sexual behavior. In a fish model of acoustic trauma, using underwater cavitation to stimulate lateral line hair cells, excessive acoustic stimulation injuries hair cells 48−72 h after traumatization [60]. Moreover, hair cells that survived after acoustic exposure show signs of synaptopathy (acoustic stimulation statistically significantly reduces the number of hair cell synapses), reminiscent of auditory synaptopathies in mammals [11, 60].

Zebrafish are also widely used to model toxic effects on the nervous system, which disrupt the neuronal synaptic apparatus. Specifically, the aberrant phenotype of acute acrylamide poisoning has been modeled in zebrafish, including pathophysiological signs similar to those of acrylamide poisoning in humans (motor dysfunction, pathological effects on presynaptic nerve endings of neuromuscular junctions) [61]. Transcriptional markers of proteins involved in synaptic signal transduction also altered, for example, proteomic analysis of zebrafish neurons demonstrated that foreign inclusions formed on cysteine residues of some synaptic proteins, changing their conformation in a pathological way. Moreover, dopamine concentration assay revealed a significant effect of acute acrylamide poisoning on the dopaminergic system (increased level of dopamine, phenylalanine, tyrosine, and L-DOPA precursors) [61].

Finally, there are also experimental zebrafish models of other prevalent synaptopathies, including epilepsy [8] and autism spectrum disorder [6], e.g., social behavior disorders [62]. In the zebrafish, these impairments can be effectively monitored and recorded in the standardized and well-validated social preference or shoaling tests [62]. There is also a zebrafish model that mimics specific features of Rett syndrome [18], which is based on the fish that carry a mutant cp2-null gene encoding MECP2 and exhibit abnormal sensory and thigmotactic responses, as well as aberrant locomotor behavior [18]. In addition, these fish demonstrate altered expression of proteins whose function is essential for the normal redox balance in the body. This indicates increased oxidative stress in the zebrafish organism, thus resembling clinical Rett syndrome and its rodent models [18].
DISCUSSION


Overall, the zebrafish represents an important organism to study synaptopathies, it can help considerably expand our understanding of these disorders and potential new molecular or genetic approaches to correct them. The zebrafish is an attractive model object in neurobiological studies due to a number of its biological features, especially their high fecundity and rapid embryonic development [42]. This is particularly important for synaptic neurobiology, wherein many processes of synaptic development and plasticity require a stage-wise tracking. The rapid development of zebrafish allows results to be obtained within a much shorter time frame compared to rodents [63]. An additional advantage of zebrafish, as already mentioned, is the transparent embryos and larvae, enabling visualization of the processes of neuronal and synaptic development [64], including those at critical, early developmental stages [65].

In addition, there is a wide range of behavioral and toxicological tests that can be performed on both adult and larval zebrafish specimens. This allows researchers to assess the effects of various factors or potential drugs on behavioral functions and to reveal possible side effects. For example, the new aquarium test has been used to evaluate locomotor and anxiolytic/anxiogenic effects of various drugs, including those to treat such synaptopathy-associated diseases as epilepsy and Alzheimer’s disease [66]. The Y-maze has traditionally been used to assess zebrafish spatial learning and, specifically, showed improved zebrafish spatial memory under the influence of some drugs [66, 67]. In addition to Y-maze, the novel object recognition test is also effective in the aluminum chloride-induced Alzheimer’s disease model, showing impaired fish memory [68]. A small size and well-characterized behaviors make zebrafish suitable for high-throughput screening of various drugs with putative therapeutic properties [69, 70].

Zebrafish models of synaptopathies provide an important research tool, as they allow reliable reproduction of the symptoms characteristic of varied human diseases. This emphasizes their relevance for studying and understanding pathological processes that occur in the brain and synapses. For example, the cat-cry syndrome [71] can be modeled in zebrafish by deleting the ctnnd2b gene responsible for the synthesis of delta-catenin, which plays an important role in neuronal differentiation, formation and maintenance of dendrites and synapses, and whose deletion is associated with this syndrome clinically. Mutant zebrafish, both larvae and adults, exhibit behavioral (hyperactivity) and some neurological abnormalities in the new aquarium test [71]. These data attest to a high physiological and clinical similarity between this model and the clinical picture of cat-cry syndrome, which is also associated with disrupted delta-catenin synthesis [72], synaptic apparatus dysfunction [73], and marked hyperactivity [74].

The zebrafish model is well suited for studying fragile X syndrome. For example, fish with reduced expression of the fmr1 gene (orthologous to the human gene associated with this syndrome) show behavioral abnormalities, including hypersensitivity to sound stimulation [75], memory impairment, and anxiety-like behavior [76]. Suppression of fmr1 expression in zebrafish, induced by morpholino oligonucleotides, is associated with various synaptic abnormalities, such as the reduced number of postsynaptic dendrites [77]. Lack of fmr1 expression in fish also affects the zebrafish brain transcriptome, e.g., by reducing the expression of lysosomal genes [77], as has also been shown for the brain transcriptome of mice with blocked fmr1 expression [78]. This suggests that data obtained in fish may well be extrapolated to mammals, including humans [77].

Zebrafish can be successfully exploited to study MG, e.g., in lrp4 knockout fish, because this gene is responsible for the synthesis of the protein 4, which, in turn, is related to the low-density lipoprotein receptor, a multifunctional protein associated with osteoporosis, bone, kidney and neurological diseases, including MG [51]. Zebrafish embryos show cystic formations in the fin structures and tail vein plexus, deformed pectoral fins, bone malformations, and renal morphogenetic abnormalities, which partially mimicked the phenotype of the human LRP4 gene mutation [51]. LRP4 also regulates the development of neuromuscular synapses, blocking the appearance of AChR clusters in neuromuscular synapses in some parts of the body (axial musculature) and stimulating their appearance in the other (limb muscles) [79], which indicates the similarity of the MG developmental mechanisms in humans and zebrafish.

Several promising directions in synaptopathy studies on zebrafish models can be distinguished. Specifically, the methods of genetic analysis have significantly improved, allowing identification of new genetic mutations linked with synaptopathies [80]. For example, a novel approach, comparative genomic hybridization (CGH), has replaced the earlier methods of molecular cytogenetics, allowing detection of both quantitative and qualitative changes in the chromosome structure, as well as microstructural chromosomal defects, which makes this method more effective compared to its predecessors [80]. This technique is actively used to investigate diseases associated with chromosomal abnormalities, such as fragile X syndrome [81]. As for the evolution of the methods of genetic analysis, it is noteworthy that in recent decades, commercial diagnostics of varied genetically determined diseases, including synaptopathies, has become ubiquitous [80], which has made it possible to significantly cut costs of such techniques and make their application more practical and accessible. The identification of these mutations provides better insight into the developmental mechanisms of diseases and their relationship with synaptic function. In addition, genetic studies also promote the development of more accurate diagnostic techniques and prediction of synaptopathy progression.

Translational studies of the role of synaptopathies in autism in humans and rodent models are presently underway [6, 82]. Although the specific mechanisms behind autism-associated synaptic dysfunction are still under investigation, some key research directions and methodologies already appear promising [5]. For example, current neurobiological research into autism and other neurodevelopmental disorders focuses on the conditions associated with synaptopathies [6, 31, 82], thus providing a deeper understanding of the pathogenesis of these disorders. There is also a growing body of cutting-edge research accentuating the link between rare genetic and chromosomal abnormalities that disrupt the neuronal synaptic apparatus and autism [5, 30, 76].

An extremely promising area of research in this field is pathogenetic profiling of epilepsy [6], often caused by synaptic apparatus dysfunction, in human and animal models [8]. Studies on animal models, including exome sequencing in epilepsy and proteomic analysis in autoimmune synaptopathies, have accelerated the identification of new epilepsy-linked synaptic genes and proteins, most of which play important roles in synaptic transmission [8]. In addition, these approaches promote the development of antiepileptic drugs and a better understanding of the mechanisms of synaptic transmission [8]. The drugs tested in zebrafish include valproic acid, carbamazepine, and phenytoin. For example, in a model of post-traumatic epilepsy, zebrafish showed impaired learning and memory, decision-making difficulties, and impaired social preference, whereas antiepileptics mitigated convulsive behavior in fish [83].

Overall, the use of zebrafish in synaptopathy research represents a promising approach for gaining a deeper insight into molecular, cellular and functional aspects of these disorders. Zebrafish are a valuable model to study the mechanisms of synaptopathies, identify key genetic mutations, investigate neuron−synapse interactions, and determine the impact of synaptic abnormalities on neurological function. Thus, the use of zebrafish in synaptopathy studies opens up new avenues for understanding these disorders and developing innovative methods and approaches for their diagnosis and treatment.

Nevertheless, studies of synaptopathies are facing a number of challenges and limitations that complicate a full understanding of these diseases and the development of effective treatments. Firstly, synaptopathies are rare diseases, making it difficult to collect samples large enough to conduct research and obtain statistically significant meaningful results. Secondly, the diagnosis of synaptopathies is hampered by the fact that their symptoms often overlap, including with those of other neurological and psychiatric disorders. There is also no unified classification system for synaptopathies, which further complicates standardization of studies and comparing the results of different groups. Fourthly, studying synaptopathies requires appropriate experimental models. However, generating suitable models, especially for rare and poorly studied diseases, may be quite challenging. In turn, laboratory modeling of complex mechanisms of synaptic transmission may not be accurate enough to reflect the full complexity of these processes in humans. Furthermore, synaptopathies are poorly understood, and the mechanisms of their development and progression remain understudied, making it difficult to develop effective diagnostic and treatment methods. Finally, there are presently no available treatments for synaptopathies, and the efficacy of their correction may vary from patient to patient.

Despite these and other challenges, translational research into synaptopathies is rapidly progressing. Overcoming the multiple limitations requires a multimodal approach, combining different research models, integrating epidemiological data, and improving diagnostic and data processing methods. Innovative research in fish and other animals, aimed at finding new targets and approaches that may be more effective in correcting synaptic dysfunction, brings us closer to a more complete understanding of the etiology and pathogenesis of synaptopathies, and contributes to the development and implementation of better treatments for patients with these disorders.
CONCLUSION

The existing experimental models of synaptopathies, mainly based on engineering genetically modified rodents, successfully recapitulate pathological changes characteristic of various synaptopathies, including central nervous system disorders. However, novel alternative model organisms, such as the zebrafish, represent a promising approach that may serve for a more effective pharmacological screening and are already being used in searching for new drugs. Expanding the use of these models will improve the understanding of the fundamental mechanisms of these pathologies and enable treatment selection for patients with synaptopathies to be more effective. In addition, many open questions in the field of studying the etiology and pathogenetic mechanisms of synaptopathies (Table 1) can be successfully resolved through the extensive use of experimental models developed for these pathologies.
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	Table 1. Selected open questions related to studying synaptopathies
· Creating genetic models of zebrafish is comparable in time to that of rodents. How can the speed of creating genetic models of zebrafish be increased? Can the time costs of synaptopathy studies be cut by creating pharmacological instead of genetic animal models, and does it make sense to create such models, given that the main cause of synaptopathies is genetically determined? 

· It is known that lifestyle changes (e.g., switching to healthier diets) can help in a number of diseases, specifically, in epilepsy, even though the functioning of synapses is impaired [84]. Can changes in external factors of vital activity have a similar positive effect in other synaptopathies?

· What role do epigenetic factors play in the pathogenesis of synaptopathies in zebrafish? 

· It is known that some polyunsaturated fatty acids (PUFAs) are able to modulate the functioning of synapses, which can be used as a therapeutic strategy [85]. What is the mechanism of action of PUFAs, and is it reproducible in zebrafish? Can PUFA levels be used as an early physiological biomarker of synaptopathies [86]? 

· Is the zebrafish model fit for selecting therapeutic strategies for synaptopathies in neurodegenerative diseases, given the high rate of neuroregeneration in zebrafish, which may mask the effect of a study drug [86]? 

· Mutations in the NRXN-NLGN-SHANK protein genes, involved in the functioning of synapses, are associated with autism spectrum disorders (ASD), however, the phenotypic manifestations in NRXN1 and Shank3 knockout rodents are somewhat different from the clinical manifestations of ASD inhumans [82]. What phenotype results in zebrafish when these genes are knocked down, and is the aquatic model of RAS more relevant in this case? 

· Through what mechanisms does the disruption of the NRXN-NLGN-SHANK pathway affect the manifestation of clinical symptoms of ASD [82]? 

· How can the problem associated with the diversity of phenotypic manifestations be overcome, given that mutations in proteins involved in the regulation of synaptic activity (specifically, NRXN1) are heterogeneous in humans, while creating animal models is accomplished by complete knocking out the relevant genes? 

· It is known that keeping rodents under artificial conditions affects their behavior, thus influencing phenotypic manifestations of synaptopathies. Does the same occur in the case of zebrafish [87]?

· What additional non-invasive methods for studying the CNS (except MRI, PET and EEG) can be used for the analysis and interspecies comparison of synaptopathies in humans and animal model objects?

· What is the mechanism of causal relationship between synaptic protein defects and schizophrenia [87]? 

· The creation of three-dimensional human brain cultures made an important contribution to understanding the role of synaptopathies in the pathogenesis of neurological diseases [86, 88]. How comparable are the three-dimensional brain cell cultures in humans and model animals, specifically, zebrafish? Can the latter replace the former while solving bioethical issues?

· In cerebellar synaptopathies caused by autoantibodies, there is a positive feedback between glial cells and glutamate [89]. Does the same deedback occur in zebrafish? 

· Can exposures to astroglia or microglia improve the symptoms of synaptopathies? 

· Can a model of auditory synaptopathy be developed via direct stimulation of the fish lateral line organs?

· What is the mechanism of growth hormone-facilitated hair cell regeneration in auditory synaptopathies? 

· A distinct class of immune synaptopathies can be distinguished, in which the modulation of the state of the synapse is mediated by interleukin IL-1β [90]. Can the modulation of IL-1β signaling be used as a therapeutic strategy? 
· Can the modulation of neuroinflammatory processes, specifically via IL-1β, be instrumental in the treatment of another type of synaptogenetic diseases?
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