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Abstract – Circadian rhythms are cyclic oscillations in the intensity of biological processes associated with the change of day and night, to which many organisms have adapted during evolution. Disturbances in circadian rhythms are caused by both environmental factors (e.g., changes in the time zone or length of day/night) and disrupted internal regulation of cycles (e.g., mutations of key clock genes). These changes can trigger pathogenesis of various diseases, including psychopathologies. Since the mechanisms underlying circadian regulation are rather evolutionarily conserved, experimental in vivo animal models are actively used to probe these processes and their relationship with psychopathologies. Here, we discuss the circadian rhythm regulation, as well as their cross-taxon similarities and differences between mammals and teleost fish (zebrafish, Danio rerio). We also discuss recent findings on molecular genetic mechanisms underlying the regulation of circadian rhythms and their link to the pathogenesis of mental disorders in humans and model organisms.
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Abbreviations: Aanat2 – arylalkylamine N-acetyltransferase 2 gene, ACTH  − adrenocorticotropic hormone, AVP − arginine vasopressin, BD − bipolar disorder, Bmal1 − brain and muscle ARNT-like 1, BRF1 – butyrate response factor 1, CK1 − casein kinase 1, Clock − circadian locomotor output cycles kaput, CCR4-NOT – carbon catabolite repression – negative on TATA-less complex, CNOT1 – CCR4-NOT transcription complex subunit 1, CSDS − chronic social defeat stress, Cry – cryptochrome, DEC – deleted in esophageal cancer, GABA − gamma-aminobuteric acid, GAPVD1 – GTPase activating protein and VPS9 domains 1, GSK-3 − glycogen synthase kinase-3, HPA − hypothalamic–pituitary–adrenal axis, IpRGC − intrinsically photosensitive retinal ganglion cell, JARID1a – JumonjiC and the ARID domain, which contains histone lysine demethylase 1a, KD − knockdown, KO – knockout, Lys – lysine, MAPK – mitogen-activated protein kinase, NAc − nucleus accumbens, NAD+ − nicotinamide adenine dinucleotide, NAMPT − nicotinamide phosphoribosyltransferase, NMDA − N-methyl-D-aspartate, NPAS2 – neuronal PAS domain protein 2, Opn4 – melanopsin gene, PACAP − pituitary adenylate cyclase-activating peptide, Per – period, PGC-1α − peroxisome proliferator-activated receptor gamma coactivator 1α, PPARα – peroxisome proliferator-activated receptor α, Rev-Erba − reverse erythoblastoma, ROR − RAR-related orphan receptor, RRE − promotor ROR element, SAD − seasonal affective disorder, SCN − suprachiasmatic nucleus, Ser – serine, SIRT1 − NAD-dependent histone deacetylase sirtuin-1, SUMO – small ubiquitin-related modifier 1,TGF-β – Transforming growth factor, Tyr – tyrosine, VIP − vasoactive intestinal peptide, VPAC2 – vasoactive intestinal peptide receptor 2, VTA − ventral tegmental area, β-TrCP – F-box protein β-transducin repeat-containing protein.
INTRODUCTION

Circadian rhythms represent a wide range of behavioral, endocrine, and biochemical processes that occur under the influence of changes in the length of daylight hours [1]. The main pacemaker of the vertebrate brain is the hypothalamic suprachiasmatic nucleus (SCN) that controls the biorhythms of all organ systems, tissues and cells of the organism and thus determines the timing of the key physiological events (digestion, sleep and wakefulness, motor activity, etc.) [2]. At the molecular level, the regulation of circadian rhythms is a negative feedback loop whose key participants include transcription factors CLOCK and BMAL1, positive regulators of period (Per), cryptochrome (Cry) and reverseerythoblastoma (Rev-Erba α/β) gene expression, and their protein products are repressors of Clock and Bmal1 (Arntl1) gene transcription [1].
People with certain polymorphisms in circadian regulation genes are predisposed to mental disorders, which can also arise when circadian rhythms are disturbed due to frequent flights or working night shifts [3, 4]. A high degree of evolutionary conservation of circadian regulation processes in different vertebrate species enabled creation of valid experimental models of psychopathologies with a genetic or environmental disruption of circadian rhythms [1]. Although rodents are used as a classical object for such studies most commonly, the freshwater teleost fish zebrafish (Danio rerio) is being increasingly employed to study brain functions [5, 6].
Here, we discuss recent evidence linking circadian rhythms and psychopathologies, with polymorphisms of circadian genes and environmental disturbances of circadian rhythms acting as their pathogenetic factors. We also discuss experimental (animal) models of psychopathologies associated with breakdowns in vertebrate circadian rhythms. The review highlights the commonality of molecular genetic mechanisms underlying the regulation of circadian rhythms in evolutionarily distant classes (mammals and teleost fish), which opens up opportunities for the development of a certain trend in translational biology and the use of the obtained data in practical medicine.
ROLE OF LIGHT IN CIRCADIAN ACTIVITY OF ORGANISMAL SYSTEMS
The main external factor influencing circadian rhythms is the change in ambient light, which affects the SCN. In mammals, this nucleus receives light inputs from specialized retinal cells, melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs), which projects to the brain, thus mediating multiple visual functions [7]. G protein-coupled melanopsin is excited by light, causing ipRGC membranes to depolarize and modulating thereby physiological and behavioral processes [8]. IpRGCs are common in multiple vertebrates, including zebrafish. Although their structure and functions are similar in various taxa, there are some differences in the melanopsin-encoding genes, for example, represented by a single Opn4m family gene in mammals and three Opn4m family genes and two Opn4x family genes in zebrafish [9].
Importantly, mammalian melanopsin has an absorption maximum at 467 nm (blue light), after which it is converted into a product with an absorption maximum at 476 nm (blue light). There is also a special state of melanopsin, extramelanopsin, which forms at longer wavelengths of light (> 575 nm, yellow to red) and can return to its normal state after the exposure to blue light [10]. This greatly matters for circadian setting in mammals because the SCN tracks the changes in the spectral composition of light within the blue−yellow range to a greater extent than light intensity [11]. In general, the broad spectral sensitivity of ipRGCs peaks at 460 nm, which is similar to the distribution of wavelengths at dusk [8]. In contrast to mammals, all five melanopsin genes in zebrafish encode a functional photopigment with a peak spectral sensitivity in the range from 470 to 484 nm, while opn4m-1 and opn4m-3 genes demonstrate bistability, as in invertebrates where the retinal chromophore swaps cis and trans isomers, whereas products of opn4m-2, opn4x-1 and opn4x-2 genes are monostable and function more like classical vertebrate photopigments [9]. In zebrafish, peripheral cells also express a plenty of different opsins and respond to different wavelengths able to trigger the expression of circadian genes, including ultraviolet and infrared radiation [12].
A distinctive feature of mammals is the hierarchical organization of the circadian system in which the SCN plays the role of the main pacemaker (Fig. 1). Signals received from ipRGCs are transmitted monosynaptically via the retinohypothalamic tract to the SCN. The nucleus represents a heterogeneous structure whose neurons are anatomically and functionally separated into two regions: the venotromedial core and the dorsolateral sheath, whose main neuropeptides are vasoactive intestinal polypeptide (VIP) and arginine-vasopressin (AVP), respectively [13]. SCN neurons may also contain an inhibitory neurotransmitter, gamma-aminobutyric acid (GABA) [14, 15]. VIP-containing neurons, having received information from the retina, send projections to AVP-containing SCN cells. Through VPAC2 receptors, they synchronize cellular activity of the nucleus as a whole [13, 16]. AVP-containing neurons coordinate other brain structures and organs via the neuroendocrine hypothalamic-pituitary-adrenal (HPA) axis, contemporizing behavioral and physiological rhythms [17, 18]. At the same time, retinal ipRGCs can project not only to the SCN, since in mice the signals from ipRGCs can enter the dorsal perihabenular nucleus and, from there, the nucleus accumbens (NAc), thus being involved in the regulation of behavior [19].
The SCN has connections with multiple brain regions, the most important of which is the pineal gland producing melatonin. The disruption of these connections due to neurodegenerative processes leads to the disruption of circadian rhythms [15]. Moreover, the nucleus sends projections to other hypothalamic areas, the serotonergic raphe nuclei and arcuate nucleus [20−22]. The SCN also receives additional inputs from the raphe nuclei (via the raphe-hypothalamic tract), pineal gland, and multiple areas of the telencephalon, thalamencephalon, mesencephalon, and medulla oblongata, providing a relationship between circadian rhythms and behavior [23].
Remarkably, SCN activity is regulated not only by neurons, but also by astrocytes. For example, SCN neurons exhibit activity during daylight hours, while astrocytes operate at night and can suppress the activity of dorsal SCN neurons through regulation of the complex of presynaptic glutamatergic N-methyl-D-aspartate NMDA2C receptor [24]. Since astrocytes, as glia in general, are actively involved in the development of psychopathologies, such an interaction with the SCN engenders an additional link between circadian rhythms and behavioral disorders [25].
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Fig. 1. Hierarchical organization of the mammalian circadian system and the synchronization of circadian oscillations with light via ipRGC. White arrows − light exposure, gray arrows − projections of neurons, black arrows − biochemical pathways within the SCN. 
In contrast to mammals, light-sensitive cells in teleost fish are occur across the whole body, while the circadian system itself is decentralized. Deep photoreceptors have been found in the brain of teleosts; e.g., the expression of some opsin genes, including va-opsin, val-opsin, tmt-opsin, and opn4, was detected in the thalamus [26]. Photoreceptors have also been found in other brain regions [27]. Photosensitive neurons in zebrafish preoptic area allow larvae to capture light even in the absence of eyes, and are implicated in the light-seeking response and participate in the choice of behavioral strategy during this search [28, 29]. The activity of deep brain photoreceptors in teleosts can vary throughout the day [30]. However, the role of these receptors in circadian regulation remains underexplored, which represents an exciting area for cross-taxon neurobiological studies. 
The main brain regions involved in circadian regulation in fish are not essential for the functioning of peripheral tissue rhythms [31]. In fish, as soon as the first 16 h after fertilization, the light regime affects the circadian rhythm of expression of some mRNAs, whereas the pineal gland forms 3−4 days later [32]. This feature significantly distinguishes teleost fish from mammals, in which rhythm synchronization occurs during embryonic and early neonatal development due to the maternal circadian system coordinating circadian clock synchronization in the fetal SCN [33]. Despite the decentralized circadian system in teleosts, they have brain regions similar to the mammalian SCN that can also receive information from both the retina and other brain structures, specifically, the pineal gland. The information is then transmitted to the forebrain, midbrain, and anterior preglomerular nucleus. Meanwhile, the fish pineal gland has its own oscillator and can function without SCN, performing rhythmic melatonin production and determining rhythmic behavioral patterns. Since most of the targets in the zebrafish pineal gland appear to be premotor and precerebellar centers, its projections are involved in the light and circadian modulation of these centers [27, 34, 35]. Thus, zebrafish and mammals share a fundamental similarity in brain structures and their functional connections, allowing them to be used as experimental models for studying circadian processes.
MOLECULAR MECHANISMS OF CIRCADIAN CLOCKS IN MAMMALS AND TELEOST FISH

The biochemical components of the circadian clock differ across taxa but are based on rhythmic changes in the concentration of factors in a negative feedback manner (Fig. 2.). This oscillation governs diurnal expression patterns of the genes that regulate the metabolic rhythms of the body’s cells [1, 36]. In most vertebrates, circadian clocks have several major transcription factors involved in diurnal oscillations: CLOCK and BMAL1 are transcription activators of circadian genes, whereas PER and CRY protein families act as transcription repressors [1]. 
In mammals, cell oscillations are triggered by light through the retinohypothalamic tract and mediated by glutamate that increases the intracellular Ca2+ concentration in SCN neurons, thereby activating the MAPK (mitogen-activated protein kinase) signaling cascade. The pituitary adenylate cyclase-activating peptide (PACAP) is presumably involved in this process [37−39]. This leads to the phosphorylation of the CREB transcription factor and its translocation to the nucleus, where it binds to the CRE element on the promoter of a number of genes, including Per [37, 38]. During the day, PER proteins accumulate in the cytoplasm, make up a complex with CRY, and is translocated to the nucleus, where they activate Bmal1 and Clock gene transcription [40, 41]. Importantly, PER requires CRY for its nuclear transport, whereas CRYs can get into the nucleus independently [42]. Bmal1 gene expression is regulated not only by PER2, but also due to the ROR element (RRE) on the promoter of this gene. For example, REV-ERBα plays a key role in the regulation of Bmal1 expression fluctuations by inhibiting its transcription, while RORα protein activates it by binding to the RRE [43]. The expression of other clock genes, Npas2 and Clock, is regulated in a similar manner [44].
PER2 is able to directly interact with REV-ERBα or PPARα nuclear receptors on the Bmal1 RRE promoters, acting as a corepressor or coactivator, respectively [41]. The heterodimeric proteins CLOCK (or its paralog NPAS2) and BMAL1 can bind to the E-box regulatory element on the promoters of various genes, including Rev-erbα, Ror, Per, Dec and Cry, activating their transcription. The accumulation of PER and CRY proteins, their subsequent dimerization, transport into the nucleus, and binding to the CLOCK:BMAL1 complex disrupts the latter’s association with gene promoters and arrests transcription [45, 46]. CRY proteins are able to bind to CLOCK:BMAL1 in the cytoplasm and block the activation of CLOCK:BMAL1 target genes without disrupting the binding of the complex to promoters [46, 47]. Dec1 and Dec2 are the genes that encode basic-helix-loop-helix transcription regulators inhibiting Per and their own transcription due to binding to the BMAL1 protein and/or competing with CLOCK:BMAL1 for E-box sequences on their own promoters. These molecular loops are believed to provide the stability of the molecular clock and its fine-tuning [36]. For example, DEC1 and DEC2, together with the CHRONO protein, control the length of the circadian period in the SCN of newborn mice. CHRONO is involved in the integration of cell oscillations with different periods, while DEC1 and DEC2 prolong the early neonatal period due to circadian integration [48].
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Fig. 2. Molecular mechanisms of the mammalian circadian clock. Bold solid and dashed arrows illustrate key molecular pathways, thin arrows reflect additional pathways. Dashed arrows show mRNA exit from the nucleus and translation. Cross denotes the blocking of transcription. Segments with ball-like endings indicate how various processes are assisted by certain proteins. Rectangular regions on DNA represent promoters.

In zebrafish, the circadian oscillator is similar to the mammalian in many respects. The main distinction in its molecular mechanisms is that teleost fish underwent genome duplication during evolution, which influenced circadian genetics. For example, the zebrafish has two copies of each of the arntl1 (arntl1a and arntl1b, or bmal1a/b) and clock (clock and clock-3) genes, however, these copies share a similar circadian phase [49]. Nevertheless, a diversified regulation of expression has been found in teleosts among multiple copies of the canonical clock genes, as manifested in tissue-specific expression patterns in responses to internal and external cues. Thus, these differences may probably reflect the uneven influence of diurnal factors on metabolism and cellular processes in central and peripheral tissues of fish [50]. In most general terms, the zebrafish molecular oscillator is akin to that in mammals, thus corroborating once again the conservatism of circadian regulation. Specifically, the CLOCK:BMAL1 heterodimer activates the transcription of per2 and cry1a genes, their protein products dimerize and combine with the CLOCK:BMAL1 complex, which suppresses the activation of transcription of these genes [32]. The PER2 protein plays a dual role in the regulation of zebrafish circadian clock. It represses the expression of the pineal gland arylalkylamine N-acetyltransferase 2 (aanat2) gene via the E-box and decreases/increases arntl1b gene expression via binding to Rev-erb/Rorα, respectively.
Moreover, PER2 in zebrafish also appears to play tissue-specific regulatory roles in many peripheral organs and is of critical importance for maintaining circadian regulation in the heart and liver [51]. Signal transmission through the TGF-β pathway is also important for the normal functioning of the circadian clock in zebrafish, as TGF-β signaling influences the per1b expression phase [52]. In mammals, this pathway is involved in the coupling of peripheral tissues, mediating paracrine phase tuning of the molecular clock and regulating the transcriptions of key clock genes [53]. The similarity of circadian regulatory processes in fish and mammals once again suggests the evolutionary ancientry of these mechanisms.
It is noteworthy that the phases of circadian gene expression can differ in diurnal and nocturnal animals, which is the case, e.g., in mice (Mus musculus, mainly nocturnal) and baboons (Papio anubis, diurnal animals), whose expression peaks of the key clock genes differ in phase by about 12 h. The Bmal1 and Per1 genes in primates show expression peaks in the evening and morning, respectively, whereas in mice, these peaks demonstrate the opposite pattern in most tissues. Interestingly, Cry1 differs from other genes: the mid-phase of its expression in baboons falls on the end of the day, while in mice, it is delayed by 7 h before peaking after midnight. Importantly, in the SCN, in contrast to other tissues, the phase of expression of circadian clock components in mice does not differ from that in baboons. For example, the phase of the Bmal1 expression peak equally falls on early evening in both baboons and mice, whereas the phases of Per1 and Cry2 expression occur after 6 and 12 h, respectively [54]. This shows that in mammalian peripheral tissues, there is a complex tuning of diurnal rhythms, as mentioned above, and this factor should be taken into account when planning experiments.
POST-TRANSCRIPTIONAL AND POST-TRANSLATIONAL MODIFICATIONS IN DIURNAL RHYTHM REGULATION

Post-transcriptional and post-translational modifications play an important role in circadian regulation. For example, less than 30% of mRNAs of circadian genes are regulated by transcription de novo, suggesting the existence of mechanisms of post-transcriptional circadian regulation [55], as evidenced by the fact that some mRNA-editing enzymes have a rhythmic expression [56]. For example, cap malformation at the 5'-end of the mRNA molecule in mice leads to a prolongation of the circadian period of clock genes [57]. The stability of circadian mRNAs can be regulated through modulation of poly(A)-tail length. The Cnot1 gene, encoding the scaffold protein of a CCR4-NOT deadenylase complex, is expressed at high levels in the SCN. CNOT1 deficiency in mice leads to the extension of the circadian period and alteration of mRNA and protein expression patterns of various clock genes, mainly Per2. In addition, CNOT1 binds to Per2 mRNA via the RNA-binding protein BRF1, and Brf1 knockdown entails an increase in PER2 expression levels [58].
Alternative splicing plays a significant role in the processes of post-transcriptional regulation. For example, Per2 pre-mRNA splices alternatively in accordance with circadian rhythms, while a variant of the PER2S protein is associated with nucleolar disorganization, which acts as a stimulus that triggers circadian oscillations [59]. The processes of post-transcriptional modifications are well studied in mammals but not in zebrafish, emphasizing  the importance of studying the distinctive features of circadian regulation in fish.
Post-translational modifications and their role in the regulation of circadian rhythms have been actively studied in both mammals and fish (Table 1). One of the major roles in the regulation of circadian proteins belongs to the isoforms of casein kinase 1 (CK1), a family of evolutionarily conserved kinases that regulate a broad variety of intracellular processes in eukaryotes [60]. The δ and ε isoforms are actively involved in the phosphorylation of circadian proteins. CK1δ plays a pivotal role in the regulation of the length of a circadian period, whereas CK1ε plays a minor role, as confirmed subsequently in zebrafish using selective inhibitors of these proteins [61, 62].
CK1 isoforms are primarily regulators of PER activity, since CK1-mediated phosphorylation of this protein at Ser478 is essential for subsequent polyubiquitination and PER2 degradation [63]. On the other hand, the phosphorylation at the Ser662 is required for the subsequent multiple CK1-mediated phosphorylation, which stabilizes PER2 [64]. The switching between degradation and stabilization is the function of the ambient temperature, as high temperatures typically increase the rate of biochemical reactions, including PER2 degradation [65]. In this case, the circadian clock retains an approximately 24-h period regardless of the ambient temperature (a phenomenon known as temperature compensation). Thus, the circadian clock compensates for a temperature-induced increase in the rate of biochemical reactions. For example, at higher ambient temperatures, PER2 stabilizes, thereby compensating for the temperature-induced acceleration of its degradation [66].
Another important role of CK1 is to regulate PER transport into the cell nucleus. For example, CK1ε inhibits this transport via phosphorylation of amino acid residues adjacent to the nuclear localization domain of PER proteins [67]. In contrast, other studies have shown that CK1 promotes transport via the formation of a PER2 complex with CRY and GAPVD1, a cytoplasmic transfer factor [68, 69]. The activity toward PER2 is determined by the status of the specific CK1δ Tyr347 site, which is likely regulated by cyclin-dependent kinases, while its mutation promotes PER2 degradation [70]. CK1δ, together with CK2 and PER2, promotes the phosphorylation of some CLOCK sites in the CLOCK:BMAL1 complex, which is located on the promoter of activated genes. The hyperphosphorylated state of CLOCK determines the onset of the repressive phase of circadian gene transcription, when the binding of the CLOCK:BMAL1 complex to promoters is attenuated. Importantly, CK1δ penetration requires PER directly and CRY indirectly, as they are essential for PER penetration into the nucleus [42].
Another regulator of circadian rhythms is glycogen synthase kinases 3 (GSK-3) whose GSK-3α and β isoforms have been found in the SCN, with their activity decreasing at the beginning of the night and increasing in the morning [71]. GSK-3-mediated phosphorylation of PER proteins at Ser657 promotes their translocation to the nucleus [72]. GSK-3 is also able to stabilize REV-ERBα and contributes to its translocation into the nucleus, thus repressing Bmal1 gene transcription [73]. At the same time, GSK-3β plays an important role in protein degradation. For example, CRY2 phosphorylation at Ser557 leads to its proteosomal degradation in the presence of a p-Ser553 site [74], while BMAL1 phosphorylation at Ser17/Tyr21 entails protein degradation through ubiquitination [75]. In addition, GSK-3 is involved in the regulation of a special CLOCK serine cluster called phospho-degron, which leads to CLOCK degradation under conditions of high GSK-3 activity [76].
The NAD+-dependent histone deacetylase SIRT1 also plays an important role in circadian regulation. It is required to provide the circadian transcription of Bmal1, Rorγ, Per2 and Cry1. The rhythmic binding of SIRT1 to the CLOCK:BMAL1 complex promotes PER2 deacetylation and degradation [77]. SIRT1 and PER2 make up a negative reciprocal loop, which is essential for circadian rhythm modulation. SIRT1 deficiency leads to an increase in Per2 expression, which suppresses Sirt1 expression even greater via the interaction of PER2 with the CLOCK:BMAL1 binding site on the Sirt1 promoter [78]. SIRT1 is able to physically bind to CLOCK, thus contributing to its acetylase activity, including toward the BMAL1 Lys537 site. At the same time, SIRT1 by itself is able to deacetylate BMAL1 in response to changes in the NAD+ concentration, reducing its ability to bind to the E-box, which is indicative of a role for cellular metabolism in circadian regulation. It has also been shown that the activity of SIRT1, but not its mRNA, is under the control of circadian mechanisms [79]. The rhythmic activity of SIRT1 is driven by oscillatory patterns of NAD+ levels, which, in turn, are due to the activity of the enzyme nicotinamide phosphoribosyltransferase (NAMPT), positively regulated by CLOCK:BMAL1. SIRT1 activation via the NAMPT-mediated pathway suppresses CLOCK:BMAL1 activity, thereby forming a negative feedback loop [80, 81].
Although in peripheral tissues SIRT1 acts as a negative regulator of the CLOCK:BMAL1 complex, in the SCN it promotes BMAL1 and CLOCK activation via the PGC-1α receptor, which is a transcriptional coactivator associated with cellular metabolic functions. Thus, the regulation of circadian rhythms at the level of post-translational modifications can occur differentially in different tissues [82]. Information on the timing of food intake is transmitted in a SIRT1-assisted manner from the ventromedial hypothalamus to the central clock, thereby synchronizing it with nutritional cues, which once again points to a link between metabolism and a circadian rhythm [83].
Table 1. Post-translational regulation of circadian proteins by CK1, GSK-3, and SIRT1

	Regulator
	PER
	CRY
	REV-ERB
	BMAL1
	CLOCK

	CK1
	(Ser487)
Degradation [63]
(Ser662)

Stabilization [64]
	Complex with PER, GAPVD1

Translocation into the nucleus [69]
	⸺
	⸺
	Together with CK2 and PER2

Destabilization of CLOCK:BMAL1 complex

[42]


	
	CK-1ε 
Inhibition of transport into the nucleus [67]
	
	
	
	

	GSK-3
	(Ser657) 
Translocation into the nucleus

[72]
	(Ser557) Degradation
[74]
	(Ser55/Ser59)

Stabilization
[73]
	(Ser17/Tyr21) Degradation
[75]
	(Ser-cluster)

Degradation

[76]

	SIRT1
	Circadian regulation of gene transcription

	
	Degradation [77]
	⸺
	⸺
	Deacetylation

Reduced binding to E-box [79]
Suppressed activity in peripheral tissues, but increased in SCN [82]
	Complex formation

Enhanced CLOCK acetylase activity

[79]
Suppressed activity in peripheral tissues, but increased in SCN [82]


Among the less studied mechanisms for the regulation of circadian proteins, protein phosphatase 4 deserves attention, as it directly interacts with the CLOCK:BMAL1 heterodimer and reduces its activation potential, thereby presumably participating in delaying the activation of target genes [84]. JARID1a (JumonjiC and the ARID domain, which contains histone lysine demethylase 1a), formed a complex with CLOCK:BMAL1, which is recruited into the Per2 promoter. JARID1a also increases histone acetylation through inhibition of histone deacetylase 1 and enhances transcription with the assistance of CLOCK:BMAL1. JARID1a depletion in mammalian cells reduces the acetylation of Per2 promoter histones, attenuates the expression of circadian genes, and shortens the period of circadian rhythms [85]. 
PER2 proteins are also susceptible to sumoylation, a process that can alter protein−protein interactions, protein subcellular localization or activity, as well as participate in transcriptional regulation [86]. SUMO1 and SUMO2 proteins are involved in PER2 sumoylation, and the PER2 Lys736 site is required for the interaction with them. SUMO2 facilitates PER2 interaction with β-TrCP, leading to PER2 proteasomal degradation. SUMO1, on the contrary, enhances CK1-mediated phosphorylation of the Ser662 site, inhibits PER2 degradation and enhances its function as a transcriptional suppressor [87]. Thus, post-transcriptional and post-translational regulatory mechanisms in tissues, in all their diversity, enable fine-tuning of the body’s circadian rhythms.
ENVIRONMENTAL DISRUPTION OF CIRCADIAN RHYTHMS 
AND POLYMORPHISMS OF CIRCADIAN GENES AS PATHOGENETIC FACTORS OF PSYCHOPATHOLOGIES

As already noted, light is crucial to tuning and synchronizing the body’s internal rhythms (Fig. 1) Although retinal ipRGCs mainly transmit light directly to the SCN, some cell populations may send projections to the brain regions that regulate behavior. In mice, signals from ipRGCs can enter the dorsal perihabenular nucleus and from there to the nucleus accumbens (NAc). This pathway is more active at night, which may mediate the emergence of a depressive-like phenotype in mice under nightlight conditions [19]. Neurons from the perihabenular region project to other brain regions responsible for mood (prefrontal cortex, dorsomedial striatum, NAc, lateral habenula), which accounts for behavioral changes under conditions of a disturbed light/dark regimen [88]. The ipRGC subpopulation, characterized by a low Brn3b gene expression, can mediate cognitive deficits caused by night-time light pollution without affecting the SCN pacemaker functions, which appears to reflect the importance of the SCN for the hippocampal functioning in the process of learning, as supported by previous studies [88]. Collectively, this indicates that light, apart from tuning circadian rhythms, can influence behavior and, under certain conditions, disrupt it.
Before the widespread introduction of electric lighting, people were exposed to minimal light at night. Full moon in the clear night sky provides a 0.1–0.3 lux illuminance of the surroundings (up to 1.0 lux in the tropics). Today, more than 80% of the world’s population and 99% of people in the United States and Europe experience significant night-time light pollution (e.g., the lighting of a typical shopping center is about 10–20 lux) [89]. Although the economic benefits from the introduction of electricity into all production spheres have led to the emergence of night shifts, night shift workers have an increased risk of various diseases, including such mental disorders as depression and anxiety [3]. On the other hand, light therapy is used to treat non-seasonal depression and normalize sleep in patients with delayed sleep phase syndrome [90–92].
Another factor, frequent changes of time zones, can cause jet lag syndrome associated with the body’s adjustment to new light, social and feeding rhythms. Since this syndrome is often accompanied by insomnia or hypersomnia, it can also provoke the worsening of mental disorders [93, 94]. The human circadian rhythms are assumed to be flexible enough to allow adjustment to changing time zones and different light regimens. However, poor light sensitivity leads to a reduction in this flexibility, and light therapy may be a potential approach to resolving the challenges associated with shift working and frequent travel [92]. It has also been suggested that a weak coupling between the SCN AVP system and the HPA axis attenuates the flexibility of circadian rhythms [95]. In turn, a mismatch between the sleep duration on working days and days off-work is defined as a social jet lag, which also affects mental functions, causing aggression, mood disorders, cognitive decline, and psychoactive drug addiction [96]. On the other hand, since no direct link has been found between social jet lag and depressive symptoms, its impact on human behavior and health requires a more thorough investigation [97]. Nevertheless, the role of external environmental factors in circadian regulation changes and human mental health appears to be considerable.
Molecular components of circadian rhythms may also be implicated in various pathologies, including human mental disorders. Patients with bipolar disorder (BD) and insomnia often carry a polymorphism associated with the Clock gene (rs1801260C), whose variant is also associated with an increased likelihood of suicide attempts in people exposed to stress and having white matter alteration [98]. Bmal1 gene polymorphism is involved in the regulation of behavior and is associated with BD. People carrying the TT genotype (rs7107287) have symptoms of depression with a cyclothymic temperament [99, 100], while the rs2278749 polymorphism of this gene correlates with increased body weight and food intake, as well as seasonal affective disorder (SAD) [101]. Two Per3 gene polymorphisms are also involved in the development of psychopathologies: the rs228697 variant is associated with increased anxiety and, probably, a predisposition to depression, while rs57875989 often occurs in patients with depression [102, 103]. In China, the C allele of the Cry1 gene (rs2287161), whose polymorphism is associated with depressive episodes in BD [104, 105] and depressive symptoms in Parkinson’s disease [106], is frequent to occur in the population of patients with clinical depression. Cry2 gene polymorphism (rs10838524) is also associated with SAD and dysthymia [107–109].
Thus, two main factors that influence the development of psychopathologies include mutations in genes encoding circadian clock components and environmental factors responsible for the body’s circadian processes. To create experimental in vivo models based on these factors, genetic modification of circadian genes, modeling the impact of external factors, and a combination of these two approaches can be widely used to study the interplay of genetic and environmental factors. 
EXPERIMENTAL MODELS OF MENTAL DISORDERS, ASSOCIATED WITH CIRCADIAN DYSREGULATION
Currently, numerous experimental models with dysfunctional circadian genes have been developed, showing the signs of mental disorders (Table 2). Potential mechanisms involved in the development of pathological conditions and methods of their treatment are probed on various animals, mainly rodents. For example, mice with a mutation in the Clock gene (ClockΔ19) have phenotypic features similar to the symptomes of BD, including decreased anxiety and reduced sleep time, hyperactivity and increased reinforcement (reward) response [110]. These mice demonstrate decreased AMPA receptor-mediated neuronal excitation in the NAc due to resting-state postsynaptic membrane hyperpolarization, which is associated with a decreased amount of the GRIA1 protein on the membrane surface and a disrupted rhythm of its synthesis. In addition, ClockΔ19 mice are characterized by increased activity of dopamine neurons in the ventral tegmental area (VTA) and increased dopamine signaling in the NAc [110]. Behavioral disorders in this model are normalized by lithium, which is able to inhibit GSK-3 activity, and by CK-1δ/ε blockers [111, 112]. The same mutation, though specifically induced in the VTA (ClockΔ19-VTA), leads to a mixed state of manic- and depressive-like behavior, altered circadian rhythm of motor activity, and increased neuronal activity in this region, as well as altered expression of ion channel genes and those associated with dopamine metabolism [113].
Bmal1 knockout (Bmal1-KO) in crab-eating macaques (Macaca fascicularis) reduces the amount of sleep and increases nocturnal activity, decreases and disrupts the rhythmic production of such hormones as melatonin, testosterone and dehydroepiandrosterone [114]. In parallel, there is an increased expression of pro-inflammatory cytokines in the blood and the development of systemic inflammation, as well as signs of anxiety and depression-like behavior associated with elevated blood cortisol levels and impaired sensory processing, which is characteristic of schizophrenia-like behavior. These behaviors are aggravated under constant light conditions [114]. SCN-specific Bmal1 knockdown (SCN-Bmal1-KD) leads to a depressive-like phenotype in mice, body weight gain, abnormal circadian rhythm of corticosterone and its insignificant elevation in response to stress [115]. Bmal1 knockout mice (Bmal1-KO) are characterized by anhedonia (reduced sucrose preference), which is a sign of depression-like behavior, low corticosterone levels, and impaired adrenal response to adrenocorticotropic hormone (ACTH) due to suppression of transcription of genes involved in cholesterol transport in adrenal cells [116]. All this leads to the lack of a pronounced behavioral response to acute and subchronic stress against the background of stable blood corticosterone levels before and after stress exposure, whereas the stress-induced increase in ACTH concentration is quite apparent [116].
Rev-erbα knockout mice (Rev-erbα-KO) display deficits in short-term, long-term, and contextual memory, and show impaired nesting activity, reflecting impaired hippocampal function and increased dopamine turnover in this brain region [117]. Simultaneous knockdown of Per1/2 genes in the NAc of NAc-Per1/2/2-KD mice results in an anxiety phenotype to a greater extent than the knockdown of Per1 or Per2 separately [118]. Per2 knockdown in the rat lateral habenula (Per2-KD-LHb) leads to a depression-like behavior, predominantly in the night time [119]. Transgenic mice with a mutation in the Per3 gene (hPer3-P415A/H417R), which causes the development of advanced sleep phase syndrome in humans, show disrupted rhythms of locomotor activity and a depression-like phenotype, associated with PER3 instability and leading to the instability of PER1 and PER2 proteins [120]. Moreover, these animals under short photoperiod conditions (4 : 20 h light/dark cycle) show signs of depression-like behavior [120]. Meanwhile, per1b gene knockout in zebrafish causes hyperactivity, impulsivity, learning and memory deficits, attention deficit-like behavior, and decreased dopamine levels in the fry body and adult fish brain, which correlates with the data obtained on mice, as well as with the symptomes in humans with attention deficit hyperactivity disorder [121]. An 8-h delay in rev-erbα expression was found in these fish, which affects the delay in tyrosine hydroxylase gene expression [121]. 
Cry1/2 knockout mice (Cry1/2-KO) are characterized by reduced spontaneous motor activity and impaired recognition memory while retaining fear memory. Double mutants exhibit increased anxiety, while the separate knockout of Cry1 and Cry2 genes leads to a less severe anxiety phenotype [122]. Cry1/2 mice also demonstrate a higher sensitivity to psychostimulants, which is due to a reduced ERK protein phosphorylation level in medium spiny neurons [122].
The impact of external factors on circadian rhythms and behavior have also been widely investigated using in vivo models. Rats exposed to continuous daylight for 8 weeks show signs of anxious and depression-like behavior, such as altered rhythms of motor activity, melatonin and corticosterone production, as well as decreased neuronal activity in the SCN [123]. Dim light for three nights results in a depression-like phenotype in mice, neuroinflammation, decreased dendritic spine density, and altered circadian gene expression in the hippocampus [124]. Pre- and postnatal 3-week rat exposure to dim light at night can lead to anxiety in adulthood [125]. In the Siberian hamster (Phodopus sungorus), a one-week constant illumination entailed the disruption of diurnal fluctuations in the cortisol concentration and changes in expression patterns of clock gene products in the SCN and hippocampus [126].
Another approach to modeling circadian and behavioral disorders involves altering of the light/dark cycle duration. Keeping mice under a 20-h cycle results in the shortening of dendritic processes in the prefrontal cortex, altered circadian regulation of core body temperature, body weight gain, increased insulin and leptin blood concentrations, decreased cognitive flexibility, emotional instability [127]. Sleep deprivation while maintaining a normal light/dark cycle leads to the appearance of manic symptoms in mice and impaired HPA axis functioning, causes oxidative stress, elevated brain and serum concentrations of cytokines (although these effects can be normalized by lithium) [128].
Chronic social defeat stress (CSDS) is widely used as a model of anxiety and depression-like behavior in rodents [129]. CSDS affects sleep architecture and the dynamics of Per2 mRNA levels in brain regions associated with emotion and motivation. The κ-opioid receptor antagonists applied before CSDS exposure mitigate subsequent pathological changes that shows involvement of this receptors in circadian processes and mood disorders [129, 130]: Per1 and Per2 expression is reduced in the mouse NAc after 10 days of CSDS, but returns to the normal state after antidepressant treatment [118]. Moreover, CSDS does not alter circadian rhythms in the SCN, which is probably due to the small number of glucocorticoid receptors in the cells of this nucleus [131]. Newborn rats have a sufficient number of these receptors in SCN, because of which early life stress (up to the age of 6 days) affects the phase of SCN gene expression [132].
Presently, there are only few studies of the interplay between genetic and environmental factors of circadian regulation and its role in the development of psychopathologies. The number of works investigating the pathological behavior of zebrafish in the context of circadian dysregulation and psychopathology is also insignificant. Meanwhile, zebrafish have multiple important characteristics that allow them to be a promising model of psychopathology and mechanisms of circadian regulation. One of these assets is that wakeful and resting states in fish can be easily identified using behavioral criteria. Therefore, the phenotypes of increased or decreased diurnal activity and changes in the duration of wakeful and rest periods can be used as markers of behavioral disorders. Zebrafish is also a convenient model for pharmacological screening of drugs used to improve sleep quality and to treat psychopathologies [133], e.g., melatonin [133, 134]. In addition, the conservatism of circadian processes and the above similarities in the regulation of molecular components of circadian rhythms make zebrafish a suitable object for translational circadian biology in general.
Table 2. Experimental models of circadian rhythm disorders

	Animal
	
Model
	Behavioral phenotype
	Affected mechanisms
	Source

	Models of circadian gene disruption

	Mouse

(Mus musculus)
	ClockΔ19
	Manic-like behavior (hyperactivity, reduced anxiety-like behavior and sleep time, increased reward response)
	Increased activity of VTA dopamine neurons and dopamine signaling in the NAc; h
yperpolarization of resting dendritic spine membranes in the NAc; r
educed amount of GRIA1 protein on the membrane surface;

Behavioral disorders (normalized by lithium and KK-1δ/ε blockers)
	[110–112]

	
	Clock ∆19- VTA
	Manic- and depression-like behavior (hyperactivity, reduced anxiety-like behavior, immobility in the forced swim test); altered 
locomotor activity circadian rhythm
	Increased activity of dopaminergic VTA neurons; altered
 ion channel gene expression and dopamine metabolism
	[109]

	
	SCN-Bmal1-KD
	Depression-like behavior
	Reduced body weight; a
bnormal circadian corticosterone rhythm 
	[115]

	
	Bmal1-KO
	Depression-like anhedonia (decreased sucrose preference)
	Hypocorticism; a
berrant adrenal response to ACTH; d
ecreased transcription of cholesterol transport genes in the adrenal cortex
	[116]

	
	Rev-erbα-KO
	Deficient short-term, long-term and contextual memory and nesting behavior
	Increased dopamine turnover in the hippocampus
	[117]

	
	NAc-Per1/2-KD
	Anxiety-like behavior
	−
	[118]

	
	Per3-KO

(hPer3-P415A/H417R )
	Disrupted locomotor activity rhythms;

Depression-like behavior
	PER1 and PER2 instability
	[120]

	
	Cry1-KO
	Anxiety-like behavior
	−
	[118]

	
	Cry2-KO
	
	
	

	
	Cry1/2-KO
	Decreased spontaneous locomotion; i
mpaired recognition- but not fear memory and anxiety-like behavior; h
ypersensitivity to psychostimulants
	Reduced ERK protein phosphorylation in medium spiny neurons
	

	Crab-eating macaque (Macaca fascicularis)
	Bmal1-KO
	Reduced sleep and increased locomotor activity at night; a
nxiety-, depression-, and schizophrenia-like behaviors
	Arrhythmic fluctuations in hormonal levels; d
ecreased expression of pro-inflammatory cytokines and blood cortisol levels
	[114]

	Rat

(Rattus norvegicus domestica)
	Per2-KD-LHb
	Depression-like behavior, mainly at night
	−
	[119]

	Zebrafish
(Danio rerio)
	per1b-KO
	Hyperactivity and impulsivity; l
earning and memory deficits (attention deficit-like behavior)
	Decreased dopamine level in the fry body and adult fish brain; i
ncreased expression of dopamine metabolism genes; a
 8-h delay in rev-erbα expression and subsequent delay in tyrosine hydroxylase expression
	[121]

	Models of environmental impacts

	Mouse

(Mus musculus)
	Dim light at night (for 3 nights)
	Depression-like behavior
	Neuroinflammation; d
ecreased dendritic spine density in the hippocampus; a
ltered expression of circadian genes in the hippocampus
	[124]

	
	20-h cycle
	Altered circadian regulation of body temperature; d
ecreased cognitive flexibility; 
changes in emotionality
	Decreased body weight and length of dendritic processes in the prefrontal cortex; e
levated blood insulin and leptin levels
	[127]

	
	Sleep deprivation
	Mania-like behavior 
	HPA axis dysfunction; i
ncreased brain and serum levels of cytokines (normalized by lithium) 
	[128]

	
	CSDS
	Depression- and anxiety-like behavior and altered sleep 
architecture,  circadian rhythm of locomotor activity and body temperature   

	Alteration in Per2 mRNA levels in the brain areas associated with emotions and motivation; 
κ-opioid receptor involved in aberrant Per2 mRNA levels

	[129]
[130]

	
	
	Anxiety-like phenotype
	Decreased Per1 and Per2 expression in the NAc (recovered by antidepressants)
	[118]

	Rat

(Rattus norvegicus domestica)


	Continuous daylight (for 8 weeks)
	Anxiety- and depression-like behavior;

Altered motor activity rhythms 
	Disrupted melatonin and corticosterone production rhythm;

Decreased neuronal activity of SCN cells
	[123]

	
	Pre- and postnatal permanent lighting
	Anxiety-like phenotype
	No deficits in adulthood
	[125]

	
	Early life stress
	−
	Increased plasma levels of glucocorticoids; 
Bmal1 expression rhythm shift in the SCN.
	[132]

	Siberian hamster (Phodopus sungorus)
	Dim light at night (for 1 week)
	Minor changes in motor activity
	Disrupted daily cortisol fluctuations; a
ltered expression patterns of clock gene products in the SCN and hippocampus
	[126]

	Models of interaction between genetic and environmental factors

	Mouse

(Mus musculus)
	Bmal1-KO

with

repetitive immobilization stress
	Poorly susceptible to stress


	Unaltered blood corticosterone levels but elevated blood ACTH 
	[116]

	
	Per 3-KO

(hPer3-P 415A/H417R) + 4/20 light/dark cycle
	Depression-like behavior
	−
	[120]

	Crab-eating macaque (Macaca fascicularis)
	Bmal1-KO

with

permanent lighting
	Aggravation of behavioral phenotypes in knockout animals


	[114]


CONCLUSION AND PROSPECTS
Circadian rhythms are an important attribute of life, on which human mental health largely depends. Their disruption by both internal (genetic) and external (environmental) factors can lead to the development of serious psychopathologies and behavioral disorders. Since biorhythms are regulated at various organismal levels, including post-transcriptional and post-translational processing of circadian gene products, a deeper insight into these mechanisms in experimental models can help design therapeutic agents targeting different stages of this process. It is also essential for the development of preventive measures against behavioral disorders caused by abnormalities of circadian regulation. The creation of new experimental models of psychopathology with a focus on circadian function is also an important research trend, including the use of novel promising model systems (e.g., zebrafish Danio rerio). For example, the potential for screening physiologically active substances on zebrafish is tens or even hundreds of times higher than the possibilities of similar screens on rodents, which allows not only identification of fundamentally new regulators of circadian rhythms during high-throughput testing on fish, but also to carry out drug repurposing for the possible modulation of circadian rhythms by drugs already approved for clinical application for other purposes. In general, despite mounting data on the central regulation of circadian rhythms, many issues remain unresolved (Table 3), calling for future research in this area.
Table 3. Selected open questions on central regulation of circadian rhythms 

	1. Functions of fish deep brain photoreceptors in circadian and behavioral regulation;

2. Role of genetic differences (given the overall ~70% genomic homology) between humans and the zebrafish in the regulation of circadian rhythms;

3. Role of CNS epigenetic mechanisms in the regulation of circadian rhythms in humans and the zebrafish;

4. Setting circadian gene expression rhythms in peripheral tissues;

5. Post-translational and post-transcriptional processing of circadian gene products in fish;

6. Impact of social jet lag on behavior;

7. Interaction of circadian gene mutations with external factors (e.g., gene−environment interplay) and its role in the genesis of psychopathologies;

8. Zebrafish behavior in the context of circadian dysregulation and psychopathology.
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