Experimental Models of CNS Disorders Related to Lysosomal Storage Diseases
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Abstract⸺Lysosomal storage diseases (LSDs) are caused by enzyme deficiency in cellular lysosomal apparatus, leading to a pathological accumulation of undigested cellular material (proteins, lipids or carbohydrates) and eventual tissue damage. Clinically and etiologically diverse, this group includes over 70 presently recognized hereditary conditions that have no effective therapy known to date. Most common manifestations of LSDs are brain lesions leading to various neurological deficits. Thus, the search for therapeutic strategies targeting these disorders represents an urgent unmet biomedical task, also necessitating the use of appropriate and valid experimental (animal) models. Here, we discuss the available models of LSDs and the applicability of rodents and zebrafish as model organisms for probing these pathologies.
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INTRODUCTION


Lysosomal storage diseases (LSDs) are a group of rare genetic diseases (Table 1) caused by the deficiency of cellular lysosomal enzymes [1]. Due to these abnormalities, autophagy becomes impaired and undigested cellular material (proteins, carbohydrates, or lipids) accumulates in the cytoplasm, causing damage to various tissues, including the central nervous system (CNS) [2]. LSDs represent a large group of diseases united by a common etiology (lysosomal dysfunction), and are classified into mucopolysaccharidoses, sphingolipidoses, gangliosidoses, glycogenoses, lipofuscinoses, and glycoproteinoses, depending on the nature of the substance accumulated [1]. More than 70 LSDs have been identified to date, and for all of them there is practically no effective therapy. While the age of onset, degree of severity and typical clinical picture may vary depending on the type of LSD, almost all LSDs are characterized by organomegaly (especially in the spleen and liver), acromegaly, musculoskeletal disorders, as well as renal, digestive, cardiac and visual dysfunctions [3, 4]. In general, LSDs are characterized by an extremely high degree of patient disability, as well as high mortality (often at an early age), and a progressive course [1].

Although LSDs differ in the nature of metabolic products accumulated and exhibit different clinical manifestations, they also share many common symptoms. For example, CNS disorders of varying severity, as well as psychoemotional problems, dementia, and locomotor difficulties are frequently observed in LSDs [3, 4]. Psychomotor developmental delay, mental retardation, and various neurological symptoms, including seizures, hypotonia, ataxia, and hyperreflexia, are also common features of patients with LSDs [4]. Taken together, these data indicate the CNS as an important target in the pathogenesis of LSDs and their therapy.
PATHOGENETIC MECHANISMS OF LSDs

Gaucher disease is the most common LSD, caused by a mutation in the GBA gene encoding β-glucocerebrosidase, which leads to uncontrollable glucocerebroside accumulation and, in turn, causes organomegaly, kidney and lung lesions, as well as progressive CNS damage [2]. Gaucher disease is a hereditary disease transmitted in an autosomal recessive manner. Gaucher disease type 1 is the most common and severe, characterized by a complete deficiency of this enzyme and causing an enlargement of the liver and spleen, bone deformities, nervous system disorders, and developmental delay [5]. Gaucher disease type 2 is characterized by a premature death and is associated with the enzyme deficiency. Its symptoms develop at an early age and progress rapidly, usually leading to death before two years of age [6]. Gaucher disease type 3 disease also has an early onset, is characterized by partial glucocerebrosidase deficiency, and causes developmental delay, bone deformities, locomotor dysfunction, ataxia, and dementia [5].

Krabbe disease (globoid cell leukodystrophy) affects the myelin sheath of nerve cells, leading to progressive demyelination, which, in turn, causes cognitive and psychomotor disorders, vision problems, hyperexcitability, and decreased intelligence [7]. Krabbe disease is caused by a mutation in the GALC gene that encodes cerebroside-β-galactosidase, an enzyme of cerebroside synthesis [2]. As a result, galactosylceramide, monogalactosyldiglyceride, and galactosylsphingosine accumulate in the cell, leading to demyelination, neurotoxicity, oligodendrocyte death, and the appearance of globoid cells in neuroglia. Also due to the lack of the enzyme and uncontrolled accumulation of undegraded molecules in the lysosomes of white matter cells, the number of lysosomes increases, leading to a destruction and death of CNS cells [7]. The symptoms of Krabbe disease vary depending on the form of the disease and the age of onset of the symptoms. The main features of this disorder include delayed psychomotor development, locomotor problems, muscle weakness and spasticity, visual and hearing impairments, and progressive cognitive decline [2, 7]. In some patients, symptoms may begin as soon as early childhood and progress rapidly, leading to death within the first few years of life (early infantile form). In others, symptoms may start later and progress slower, allowing them to live longer (late infantile or juvenile form) [2, 7]. There are currently no effective treatments for Krabbe disease.

Fabry disease is an X-linked glycosphingolipidosis caused by the deficiency of GLA gene-encoded α-galactosidase A. It leads to progressive intralysosomal accumulation of globotriaosylceramide, nonspecifically damaging various organ systems [2, 8]. The symptoms of Fabry disease vary depending on its form and the age of onset, typically including chronic pain, renal and cardiovascular dysfunction, changes in the nervous system, and progressive cognitive decline. There is currently no therapy for Fabry disease, although α-galactosidase A replacement therapy is of some benefit [9].

Pompe disease (glycogenosis type II) is a rare hereditary disease caused by a GAA mutation and α-glucosidase deficiency, which is required for glycogen degradation, due to which the polysaccharide accumulates in the lysosomes in various tissues and organs [2]. The symptoms of Pompe disease can vary. Newborn infants with an early-onset form of Pompe disease have severe respiratory problems, muscle hypotonia, digestive disorders, and cardiac problems. In patients with a late-onset form of the disease, symptoms may begin later in life and progress more slowly [10]. In this disease, α-glucosidase replacement therapy is used to help partially metabolize pathologically deposited glycogen [11].

Neuronal ceroid lipofuscinoses (NCLs) are a group of orphan genetic diseases characterized by the accumulation of the toxic pigment lipofuscin in cells of various organs, including the nervous system [12]. NCLs are caused by mutations in the genes encoding various lysosomal proteins, both hydrolytic and structural. Common to all disorders of this group are tissue atrophy and neurological impairments [12]. Patients with NCLs demonstrate epileptic seizures, visual decline, ataxia, microcephaly, hallucinations, and psychomotor degeneration [2]. NCLs usually appear in childhood or adolescence and progress over time. As for other LSDs, there are currently no effective treatments for these disorders.

Mucopolysaccharidoses are rare genetic diseases caused by mutations in the genes of mucopolysaccharide metabolism enzymes [4]. Mucopolysaccharides accumulate in various tissues and organs, especially in the CNS [2]. All mucopolysaccharidoses are chronic and progressive diseases that can have a severe impact on the quality of life of patients. Treatment of these disorders includes supportive therapy and symptom management. Some forms of mucopolysaccharidoses can also be corrected by specific enzyme replacement therapy or bone marrow transplantation [13, 14].

Metachromatic leukodystrophy is a hereditary disease caused by arylsulfatase A deficiency leading to the accumulation of cerebroside-3-sulfate in the myelin sheaths of nerve fibers. This, in turn, causes myelin destruction and nervous system dysfunction [15]. Symptoms of the disease may begin in childhood or adulthood and include altered behaviors, delayed psychomotor development, loss of motor skills, as well as vision and hearing problems [16]. Treatments for metachromatic leukodystrophy include bone marrow transplantation and genetic therapy, which can slow down disease progression and improve patients’ quality of life [15].

Danon disease affects various organs and organ systems due to a mutation in the LAMP2 gene, responsible for the production of a protein required for normal cellular functioning [17]. Danon disease manifests itself in males in early childhood and can lead to delayed psychomotor development, muscle weakness, heart failure, elevated liver enzymes, and other problems. In women carrying a mutation in the LAMP2 gene, the disease may be manifested in a milder or even asymptomatic form [17]. Treatment of Danon disease is mainly focused on symptom management. In Sanfilippo syndrome (also known as mucopolysaccharidosis type III), the concentration of heparan sulfate breakdown products with toxic effects on the CNS rises in the body due to a deficiency of specific lysosomal enzymes. Metabolites accumulate in brain neurons, leading to an increase in the size of lysosomes, axonal dystrophy, and thinning of the myelin sheath [27]. In Niemann-Pick disease type C, patients, as well as NPC1 gene knockout mice (the gene is associated with this LSD), form lysosomal cholesterol and other lipid stores, as well as membranes with altered lipid composition. The dynamics of the membrane lipid content in Niemann-Pick disease may contribute to the altered operation of glutamate receptors, as cholesterol plays an important role in the organization and functioning of lipid rafts [32, 33].

Some LSDs, especially mucopolysaccharidoses and glycogenoses, have a relatively high prevalence (Table 1). In general, there is approximately one case of LSDs per 5000−8000 newborns worldwide, and approximately 7000 newborns suffer from LSDs. However, the incidence of each individual LSD varies widely, ranging from 1:40000 to 1:500000 [1, 8]. The prevalence of LSDs (e.g., Fabry disease) may also differ by sex – 1:40000 in males and 1:20000 in females [8, 9, 18]. Gaucher disease occurs in 1:40000−1:60000 newborns, while in Ashkenazi Jews − in 1:800 [5]. In the USA, the incidence of Krabbe disease is 1:100000 [19], in Scandinavian countries – 1:50000 [20], and among Palestinian Arabs – 1:6000 newborns [7, 21]. Metachromatic leukodystrophy occurance is 1:40000−160000, but among Habbanite Jews, only 1:75 [15]. The prevalence of Pompe disease is 1:60000 (late-onset form), and 1:140000 (classic infantile form) [22]. The prevalence of different LSDs also varies by the population and ethnicity, being globally estimated as 1:100000 [1], 1.6−2.4 in the USA and 2−7 in Scandinavia [12] (see also [23, 24] and Table 1). LSDs are typically inherited in an autosomal recessive manner [2], with the exception of X-linked LSDs (Danon disease [17], Fabry disease [25], and Hunter syndrome [26]). One of the key features of all LSDs is the pronounced multisystemic nature of the damage they inflict, nearly always affecting the CNS [3]. 
Table 1. Various lysosomal storage diseases (LSDs) and their estimated occurrence in global population

	Disorders
	Occurrence

	Gaucher disease
	1:40 000 − 1:60 000

	Fabry disease
	1:40 000 − 1:120 000

	Metachromatic leukodystrophy
	1:40 000 − 1:160 000

	Pompe disease
	1:60 000 − 1:140 000

	Neuronal ceroid lipofuscinosis
	1:100 000

	Krabbe disease
	1:100 000

	Germansky-Pudlak syndrome
	1:500 000

	Aspartylglucosaminuria
	Less than 1:500 000


CNS DISORDERS IN LSDs

A multisystemic impact of LSDs on the patient’s organism leads to a direct CNS damage (due to accumulation of toxic substances in neurons or neuroglia) and impaired neurotransmission, or some indirect effects on the CNS. For example, in Sanfilippo disease, progressive accumulation of heparan sulfate degradation products triggers not only neuronal death, but also other pathological processes in the CNS, including neuroinflammation, neurodegeneration, and oxidative stress [27]. This is also accompanied by the impairment of the neurotransmitter systems. For example, axonal dystrophy of dopaminergic, cholinergic, and GABAergic neurons occurs in a mouse model of this LSD [28]. Lastly, a deficiency or insufficient activity of a certain lysosomal enzyme in LSD can also cause secondary CNS lesions and dysfunction [2]. The basal nuclei of the brain, pituitary gland, as well as eye and spinal cord nerves are affected most commonly, causing a psychomotor developmental delay, seizures, sensorimotor impairments, coordination problems, and a lot of other neurological dysfunctions [7].
Since the neuronal lysosomal apparatus is directly involved in the turnover of neurotransmitters during nerve impulse conduction, LSDs also affect this aspect of CNS activity. Specifically, lysosomal dysfunction leads to neuronal damage due to neurotransmitter imbalance toward excitotoxicity [29]. Lysosomes also play a role in the transport of neurotransmitters within the neuron, delivering them to the dendritic spines, as well as in the degradation of GABA receptors [29, 30]. Dysfunction of the neuronal lysosomal apparatus can impair glutamatergic neurotransmission, also affecting astrocytes, which are yet another important link in this process. This leads to impaired glutamate homeostasis in astrocytes and negatively affects astrocytic glutamate transporters [31], e.g., in Niemann-Pick disease [32, 33]. 
The impact of LSDs on the CNS can also be indirect, not on metabolic pathways of neurons themselves, but affecting cells and tissues that provide their activity (e.g., cerebrovascular endothelial cells in Fabry disease which impairs cerebral blood circulation, leading strokes and brain ischemia) [25]. CNS disorders in this disease are largely associated with severe pain, which often leads to the development of depression and anxiety in patients. The efficiency of glucose utilization by brain neurons is also reduced in patients with Fabry disease, suggesting that disrupted energy metabolism contributes to neurological disorders in this disease [34].

EXPERIMENTAL MODELS OF LSDs

Animal models are widely used to probe LSDs. The number of LSD studies using rodents is rapidly increasing every year due to the possibility of engineering knockouts of the known target orthologous genes. For example, there are numerous models of Gaucher disease, based on genetically modified mice. At birth, mice with a GBA gene mutation are underweight and demonstrate cyanosis, abnormal respiration, feeding problems, and decreased motor activity, dying within 24 h after birth [35]. In animals with genetically reduced glucocerebrosidase activity in the brain (by 25%), Gaucher cells (lipid-laden macrophages) appear in various organs and tissues, and there is a progressive accumulation of glucosylceramide [36, 37].

Similar approaches are used when modeling Krabbe disease, one of the best models of which is the Twitcher mouse strain demonstrating neurological manifestations almost identical to those observed in humans with this disease. The brain and liver tissues of these mice show galactosylceramidase and lactosylceramidase I deficiencies, as in human Krabbe disease [38]. Albeit phenotypically normal at birth, by 3 weeks of age, these mice develop generalized tremor and attenuation of muscle tone, leading to emaciation and death (by the age of 3 months) due to progressive demyelination of neurons [39], and thus demonstrate a biochemically and clinically valid analog of human Krabbe disease [38].

As in human metachromatic leukodystrophy, the mouse strain with a cerebroside sulfatase deficit accumulates sphingolipids in various tissues, including nervous tissue [16]. Although diseased individuals show similar characteristics of accumulation, gross white matter defects are not detected until two years of age. Meanwhile, one-year-old mice demonstrate astrogliosis, reduced axonal cross-sectional area, as well as changes in the dendritic morphology of Purkinje cells and poorer neuromotor coordination [16].

Targeted ablation of murine acid α-glucosidase gene in embryonic stem cells is used to generate an experimental model of Pompe disease [40]. Mutant mice homozygous for this gene show the lack of acidic α-glucosidase, and glycogen-containing lysosomes appear shortly after birth in cardiac, liver, and skeletal muscle cells. By the age of 13 weeks, they form large focal glycogen deposits, while the vacuolar spaces stain positively for acid phosphatase, which is a characteristic sign of lysosomal pathology [40]. Murine acid α-glucosidase gene knockout leads to an uncontrolled glycogen accumulation in the lysosomes of cardiac and skeletal muscle cells, and by the age of three and a half weeks, there ensues a significant decrease in mobility and muscle strength, developing later on into atrophy [41]. To model Danon model, a strain of knockout mice was engineered for the gene encoding an important membrane protein LAMP2 whose deficiency is causative for this LSD in humans [42]. The lack of LAMP2 in the mouse brain evoked neuroinflammation, psychomotor disorders and learning problems, suggesting a hippocampal dysfunction caused by improper functioning of lysosomes and various consequences thereof, e.g., pathological lipid accumulation in hippocampal cells [42].

NCLs have also been successfully modeled in rodents. For example, knockout mice with ablated palmitoyl-protein thioesterase 1, an enzyme whose absence causes human NCL type 1, are used as a model of this NCL subtype. These mice reproduce many pathological features observed in patients, namely the accumulation of autofluorescent deposits in neurons, severe and progressive neurodegenerative processes in the brain, psychomotor disorders, seizures, and short lifespan [43]. To generate models of NCL types 2 and 3, mouse strains with a knockout for CLN2 and CLN3 genes responsible for the synthesis of enzymes, whose deficiency is associated with these subtypes of human NCLs, are used. For example, CLN3 gene knockout mice exhibit pathological features that share similarities with clinical manifestations observed in humans with NCL type 3, such as behavioral disorders, accumulation of autofluorescent lysosomal storage bodies, retinal damage, and shortened lifespan [44]. There is also a strain of CLN3 knockout mice that demonstrate characteristic autofluorescent deposits in tissues, progressive neurological abnormalities, decreased motor activity, and seizures [45].

The use of rodents in LSD studies undoubtedly has limitations that may affect the overall interpretation of results. For example, not all LSDs can be fully modeled in rodents, as some aspects of pathology and symptoms characteristic of the given form of LSD may not be reproducible in rats and mice, or may not manifest themselves quite clearly. Functional and metabolic characteristics of lysosomes in rodents may also differ from those in humans, thus affecting metabolic pathways and intracellular processing of molecules. Nevertheless, rodents are valuable model organisms to probe LSDs, promoting better insight into the mechanisms of these diseases and the designing of more effective diagnostic and therapeutic methods.
MODELING LSDs ON ZEBRAFISH

The zebrafish (Danio rerio), is a freshwater teleost species that is widely used in biomedical research, and an important laboratory animal for effective modeling CNS diseases [46]. Having a lysosomal system alike to that of human lysosomes, zebrafish are also susceptible to various diseases associated with lysosomal dysfunction, which makes them a potentially suitable model organism to probe LSDs [47]. For example, both genetic and environmental factors affecting lysosomal functions can be studied in zebrafish; likewise, novel genes and LSD biomarkers can be discovered on this model. Specifically, a zebrafish model of Gaucher disease can be obtained by knocking out the GBA gene, whose partial or complete loss of function disrupts osteoblast differentiation and bone mineralization [48], while causing no neurological disorders.

To generate a fish model of Krabbe disease, there have been engineered the strains with a knockout gene similar to the human GALC gene. These fish showed increased apoptosis in nervous tissue but no galactosylceramide accumulation, which differs from human and rodent data, enabling Krabbe disease pathogenesis to be probed, bypassing the uncontrolled alactosylceramide accumulation and ensuing neurotoxicity [49]. The zebrafish model of Pompe disease employs a mutation of the acid α-glucosidase gene, which leads to excessive glycogen accumulation in liver, brain, and muscle cells, generally resembling a clinical phenotype of the disease [45, 50].

While modeling Danon disease in LAMP2 gene knockout fish, a cardiac phenotype has been described that included an increasing vacuolar density in cardiac muscle cells (a hallmark of autophagy), heart failure (decreased exercise tolerance, increased atrial size, blunted β-adrenergic contractile response), as well as a number of neurological disorders (neuromuscular defects manifested in rapid turning and swirling) [51]. The model of NCL type 2 is based on palmitoyl-proteinthioesterase 1 deficiency in zebrafish. Fish mutants for the gene of this enzyme show pronounced neurodegeneration, microcephaly, apoptosis in the retina and cerebellum, shortened lifespan, and abnormal enlargement of lysosomes [52]. Likewise, a zebrafish model of NCL type 3 is engineered using a CLN3 gene knockout that reproduces pathologic features of this disease in humans, namely a shortened lifespan, axonopathy, motor disorders up to complete loss of mobility, nerve cell death, retinopathy, and seizures [53].

In general, zebrafish represent an attractive model species to study LSDs. Their additional advantage is transparent embryos, which facilitates visualization of developmental processes and damage inflicted to individual organs and tissues. In addition, there is now a wide range of behavioral and toxicological tests on both adult and larval zebrafish. There are also validated cytotoxicity tests on embryos that allow the integrity of lysosomal membranes to be assessed [54]. All this paves the ground for high-throughput screening of different drugs in a zebrafish model, specifically, when searching for therapeutic agents. To date, there are already a number of molecules that have been studied on zebrafish and have reached the stage of clinical trials. These compounds include a modification of the PROTO-1 molecule (which can be used to prevent ototoxicity), clemisole (a potential therapeutic for genetic epilepsy) and vemurafenib (which can be used against arteriovenous malformation) [55]. These examples illustrate the successful application of a zebrafish model in the search for potential therapeutics, which is particularly relevant for LSDs.

In a zebrafish model of sphingolipidosis, myelin loss is accompanied by neuroinflammation and increased neurotransmission through the NFκB and JAK-STAT signaling pathways. Thus, NFκB/JAK-STAT inhibitors can be considered as potential therapeutic agents for these pathologies [56]. The relevance of zebrafish models of LSDs is generally confirmed by the reproduction of disease symptoms observed in humans. For example, hepatomegaly and kidney dysfunction can be tracked in a Chediak-Higashi syndrome model, in which the gene encoding a lysosomal trafficking regulator is knocked out. Hepatomegaly and musculoskeletal impairments are also observed in a mucopolysaccharidosis model, while visual impairments are present in a mucolipidosis type IV model. Meanwhile, as in the clinic, most experimental models of LSDs demonstrate developmental disorders of the nervous system and impaired behaviors in zebrafish [57].

Zebrafish models are also suitable to explore lipid metabolism, since the fish exhibits the expression of the conserved lipid metabolism genes, e.g., encoding the microsomal transfer protein (for triglycerides), lipoprotein and apolipoprotein C2 [58−60]. Furthermore, there are zebrafish models of lipid metabolism disorders, specifically, early atherosclerosis [61]. The fact that the zebrafish is a good model to probe lipid metabolism increases the applicability of this species in studying LSDs as well, because a significant part of these diseases is associated with impaired lipid metabolism, e.g., in sphingolipidoses, mucolipidoses, and NCL [57].

Zebrafish have also been successfully applied to investigate the role of microglia in the pathogenesis of LSDs, e.g., mucolipidosis type IV manifested histologically as an abnormal morphology of microglia. Interestingly, other model objects are not always suitable to analyze this phenomenon. Specifically, mutant mouse model of mucolipidosis, transplanted with wild-type bone marrow cells, show reduced severity of symptoms (motor deficits) but low efficiency of microglia rescue [62]. Similar studies were carried out on fruit flies, but the fact that they lack microglia complicates the interpretation of the obtained phenotypes [63]. In contrast, a zebrafish model of mucolipidosis reveals not only pathological phenotypes, but also a deterioration in microglia−neuronal interactions [64].

An interesting issue in modeling LSDs is the functioning of the mitochondrial-lysosomal axis. Indeed, lysosomes are involved in autophagy, which is essential for getting rid of dysfunctional mitochondria that accumulate in the cytoplasm when the mechanism of their elimination is disrupted [65]. In LSDs, there are changes not only in the number but also in the morphology of mitochondria, specifically, they undergo fragmentation or elongation, as well as demonstrate a dysfunction of the respiratory chain and, hence, impaired ATP synthesis [66]. Similar changes have been shown in a sulfatase modifying factor 1 knockout model [67] and in a mouse model of gangliosidosis [68]. Human Gaucher disease is also characterized by a disruption of the mitochondrial electron-transport chain and a decrease in ATP synthesis [69]. Zebrafish can be successfully used as model species in probing the mitochondrial-lysosomal axis. For example, transgenic zebrafish with fluorescently labeled mitochondria (MitoFish) enable visualizing mitochondrial dynamics in cells in real time [70].

Nevertheless, the study of LSDs in a zebrafish model has some limitations, as, for example, in comorbidity of brain diseases, because mutations in LSD-associated genes can often be concomitantly related with neurodegenerative disorders as well. Specifically, Gaucher disease is often associated with Parkinson’s disease, which manifests itself not only in people with LSDs but also in asymptomatic carriers [71]. On the one hand, such a nonspecific overlap of the pathogeneses and features of different LSDs may also hamper the modeling of individual diseases on zebrafish. On the other hand, the possibility of studying clinically important potential synergistic processes in the comorbidity of LSDs and CNS neurodegenerative disorders cannot be ruled out. Another specific feature of zebrafish is a high level of neurogenesis and neuroregeneration, as well as the predominance of radial glia [72], which may create problems in modeling LSDs in fish and interpreting the results obtained. Nevertheless, zebrafish models successfully reproduce a number of comorbid diseases. For example, zebrafish knockout orthologous genes associated with Gaucher and Tay-Sachs diseases, as well as metachromatic leukodystrophy, yield a phenotype hypersensitive to Mycobacterium marinum, the causative agent of tuberculosis-like infection in fish. Such a high sensitivity is underlain by a decreased migration of macrophages and microglia due to lysosomal dysfunction and accumulation of the undigested cellular material therein. This mechanism may also be related with the pathogenesis of other diseases in LSDs, including neurodegeneration and malignancies [73].

The latter raises yet another point – the importance of generating pharmacological LSD models in addition to their genetic models. For example, increased vacuolization of macrophages and their abnormal migration can be attained by injecting the granules undigested by lysosomes [73]. The creation of pharmacological models is also possible for Gaucher disease. For example, the exposure of zebrafish embryos to xyloside cyclofellitol causes the accumulation of glucosylsphingosine, which is a hallmark of this LSD [74]. Nevertheless, the need for such models remains debatable. On the one hand, pharmacological models save the experimental time spent on creating a genetic model [57]. On the other hand, genetic models are better suited both for dissecting the underlying mechanisms and for selecting a therapy for LSDs, because human disease etiological factors are of genetic nature and are present since the very birth.

A teleost-specific genome duplication should be noted additionally, due to which 6 of 23 LSD-associated genes in zebrafish are represented by several orthologs [57]. For experimental mucolipidosis, severe pathology in zebrafish is only observed in the case of a double mutation [75]. Thus, on the one hand, the process of generating models of such LSDs becomes more complicated, as it is necessary to understand the biological role of the zebrafish LSD-associated gene co-orthologs in order to determine which mutant, single or double, will most accurately reproduce the pathology. On the other hand, this may also become a unique advantage of zebrafish models of LSDs, allowing a more detailed analysis of the pathology in a wide range of its manifestations, including its milder forms, e.g., if double mutants are lethal or show highly toxicity.
CONCLUSION


The existing experimental animal models of LSDs, based primarily on the genetic engineering of knockout mice, successfully reproduce the pathology of a number of LSDs, including CNS disorders they cause. Novel alternative model organisms, such as zebrafish, emerge as promising targets for high-throughput pharmacological screening and are already being used to search for potential therapeutic agents. Their further wider application will undoubtedly improve the translational relevance of studying the LSD-induced pathology and selecting an appropriate therapy. Finally, multiple remaining open issues in the field of studying the central pathogenetic mechanisms of LSDs (Table 2) can be successfully resolved utilizing their experimental models.
	Table 2. Selected open questions related to studying and modeling lysosomal storage diseases (LSDs)

	

	• Why does the age of LSD onset vary that widely [1]?

	• LSD phenotype variability between twins suggests the involvement of not only genetic factors alone in the disease pathogenesis [76]. What contribution do epigenetic factors make to the pathogenesis of LSDs?

	• What is the contribution of environmental factors to the pathogenesis of LSDs?

	• Is the high rate of neuroregeneration in zebrafish a beneficial or a hindering factor in studying neuropathologies, as it affects symptoms associated with neurodegeneration?

	• Generating zebrafish genetic models takes about 6 months, i.e. less than or roughly as long as in rodents [57]. How can this process be accelerated?

	• Can additional pharmacological models of LSDs be generated in rodents and zebrafish?

	• Altered expression of glutamatergic NMDA receptor impacts the lifespan of rodents in a Gaucher disease model [77]. What is the role of the glutamatergic system in the pathogenesis of this disease?

	• How can we overcome comorbidity-associated limitations in zebrafish LSD models?

	• What role do neuroinflammation and neuroapoptosis play in the development of LSDs?

	• Do LSD symptoms decrease if neuroinflammation abates due to a therapeutic intervention?

	• Can LSDs be corrected by affecting microglia, given its activation under various CNS pathologies?

	• Astrogliosis can play an important role in the development of gangliosidoses [78]. Can targeting astrocytes be considered as a promising therapeutic strategy at least for selected LSDs?

	• Can gene therapy as an approach to correcting LSDs be mastered on a zebrafish model?

	• Which of the therapeutic approaches to LSDs holds the most promise: enzyme replacement therapy or gene therapy?

	• Rapid disease detection is often critical, especially in LSDs associated with neurodegeneration [79]. What new markers can be used for the earliest detection of these pathologies?

	• Rodent evidence shows that changes in autophagy during LSDs can be tissue-specific, downward in some tissues and upward in the other [80]. Is there a similar pattern of tissue-specific autophagy dynamics in rodent and zebrafish models of LSDs?

	• How can LSD therapy be selected when autophagy decreases in some tissues and increases in the other?

	• Can hematopoietic stem cell transplantation as a therapeutic approach to correcting LSDs be mastered on a zebrafish model?

	• Can NFκB/JAK-STAT pathway inhibitors be used as therapeutic agents in sphingolipidoses?

	• How can new antibodies specific to zebrafish autophagy proteins be developed? [81]?

	• Can LSD symptoms be reduced by affecting mTOR signaling?

	• What methods can be used to assess the state of single individual’s lysosomes?

	• Given that lysosomes are heterogeneous in composition and activity under normal conditions, how are different lysosomes involved in autophagy?

	• Is lysosomal heterogeneity in humans analogous to that in zebrafish?

	• How is the expression of lysosomal transfer proteins regulated, and are there any specific features of this process in zebrafish? If so, can they influence the mechanisms of LSDs or the effects of therapeutic agents?

	• How can drug delivery across the blood−brain barrier be facilitated when correcting LSDs associated with neurodegeneration?

	• Is there a link between abnormal macrophage migration and the emergence of neurodegenerations in LSDs?

	· Niemann-Pick disease type C is caused by mutations in the genes encoding the lysosomal proteins NPC1 or NPC2, which are involved in cholesterol outflow from the lysosomal compartment. In zebrafish models, mutations in this protein reduce notch3 expression of [82]. What is the relationship between cholesterol bioavailability and impaired notch3 signaling? Can notch3 be a therapeutic target?

	· LAMP2PA is a protein that translocates target cytoplasmic proteins across the membrane in chaperone-mediated autophagy; its defect leads to lysosomal dysfunction and may be a therapeutic target [83]. How are the functions of this protein regulated in zebrafish?
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