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Dystonia is the third most common movement disorder. It causes debilitating twisting postures that are accompanied by repetitive and sometimes intermittent co- or over-contractions of agonist and antagonist muscles. Historically diagnosed as a basal ganglia disorder, dystonia is increasingly considered a network disorder involving various brain regions including the cerebellum. In certain etiologies of dystonia, aberrant motor activity is generated in the cerebellum and the abnormal signals then propagate through a “dystonia circuit” that includes the thalamus, basal ganglia, and cerebral cortex. Importantly, it has been reported that non-motor defects can accompany the motor symptoms; while their severity is not always correlated, it is hypothesized that common pathways may nevertheless be disrupted. In particular, circadian dysfunction and disordered sleep are common non-motor patient complaints in dystonia. Given recent evidence suggesting that the cerebellum contains a circadian oscillator, displays sleep-stage-specific neuronal activity, and sends robust long-range projections to several subcortical regions involved in circadian rhythm regulation, disordered sleep in dystonia may result from cerebellum-mediated dysfunction of the dystonia circuit. Here, we review the evidence linking dystonia, cerebellar network dysfunction, and cerebellar involvement in sleep. Together, these ideas may form the basis for the development of improved pharmacological and surgical interventions that could take advantage of cerebellar circuitry to restore normal motor function as well as non-motor (sleep) behaviors in dystonia.
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INTRODUCTION
Dystonia is a neurological disease that is currently considered the third most common movement disorder. It is characterized by co-contractions and/or over-contractions of agonist and antagonist muscles. These changes in muscle function result in frequent, often painful, paroxysms of twisting postures, though in rare cases dystonia can manifest as a sustained dystonic crisis. The etiology of dystonia remains incompletely understood, in part because “dystonia” does not comprise a singular disorder, but rather it describes the observed phenotype, or “phenomenology”, of an array of motor disorders that produce a shared clinical presentation (1). While dystonia can arise from a growing list of inherited genetic mutations (e.g., DYT1/TOR1A dystonia), as a comorbidity in other neurological disorders such as Parkinson’s disease, tremor and ataxia, or as a result of traumatic brain injury, most diagnoses of dystonia are in fact idiopathic (2).
Historically, dystonia was considered a basal ganglia disease (3), and indeed therapeutic electrical stimulation of basal ganglia structures is successfully used to treat some, often primary, dystonia patients (4). More recently, however, dystonia has been re-characterized as a network disorder (5–8), implicating an array of brain regions, chief among them being the cerebellum. Studies in both human patients (5) and rodent models (9) have suggested that the cerebellum plays a key role in the onset and regulation of dystonia. Indeed, genetic, molecular, and pharmacological manipulation of cerebellar activity in several animal models has been shown to cause robust and severe dystonic phenotypes (9–12). Among these phenotypes are the altered muscle contractions and consequent abnormal movements such as twisting postures, hyper-extended limbs, and tremor.
As might be expected from a network disorder, the characteristic motor symptoms of dystonia can present alongside various non-motor symptoms, including impaired sleep (13). It is established that the cerebellum expresses clock genes and contains a circadian oscillator (14), and that sleep plays a key role in the maintenance of normal cerebello-thalamo-cortical coherence (15). Yet, the causality of this relationship between circadian centers, the cerebellum, and dystonia remains largely unknown. Therefore, in this review, we discuss research on each of these topics in order to highlight key relationships, which we argue merit further experimental and clinical investigation. In particular, we not only explore the evidence supporting a role for the cerebellum in dystonic movements but also its potential involvement in non-motor behavioral disturbances in dystonia.
A PRIMER ON CEREBELLAR CELLULAR COMPOSITION AND CIRCUITRY
The cerebellar circuit is well-characterized but warrants a brief overview to help contextualize the forthcoming discussion. The broad organization of the cerebellum includes the cerebellar cortex, which receives afferent input from the central nervous system (CNS) and peripheral nervous system (PNS). Major afferent systems that terminate in the cerebellar cortex include those that originate from the pontine nuclei, vestibular nuclei, inferior olive, and spinal cord. The cortex surrounds the cerebellar nuclei, which receive projections from the cerebellar cortex. The cerebellar nuclei also receive collateral projections from the inferior olive, pons, reticular nuclei, vestibular nuclei and also from the spinal cord, among other regions.
The cerebellar cortex is organized into three distinct layers: the molecular layer, the Purkinje cell layer, and the granular layer. The outermost layer, the molecular layer, contains the dendrites of Purkinje cells, which receive an impressive amount of synaptic input. In rodents, each Purkinje cell receives more than 200,000 inputs. The vast majority of these inputs arise from the axons of granule cells, called parallel fibers, which form excitatory synapses on the Purkinje cell dendritic spines (16). Purkinje cells receive additional innervation from stellate cell and Basket cell interneurons, which both provide inhibitory signals onto the Purkinje cells (17). Finally, Purkinje cell dendrites in the molecular layer also receive direct and powerful excitatory input from climbing fibers, which originate in the inferior olive and “climb” through the Purkinje cell dendrites eventually innervating the shafts of the dendritic branches. Climbing fiber signals are thought to play a critical role in error signaling and motor learning (18). More recently, behavioral paradigms combined with optogenetics manipulations suggest a role for climbing fibers in reward prediction (19–21).
Purkinje cells bodies constitute the middle of the three layers, in the aptly named Purkinje cell layer. The Purkinje cell soma and axon initial segment receive inhibitory input from the Basket cells. The Purkinje cell layer also contains the somata of Bergman glia and candelabrum cells (22). Importantly, despite the variety of cell types present, the Purkinje cell layer is in fact a monolayer.
The innermost layer of the cerebellar cortex, the granular layer, contains the somata of the cerebellar granule cells. Granule cells are the most numerous neuron type in the brain (23). The granule cells receive mossy fiber input, representing afferents from diverse regions, including the pontine and vestibular nuclei, the spinal cord, and the reticular nuclei, along with inhibitory input from Golgi cells, a local cerebellar interneuron (24). A subset of granule cells also receives excitatory input from a specialized class of signal-amplifying interneurons called unipolar brush cells (25).
Purkinje cells, which receive inputs from the various excitatory and inhibitory afferents, are the sole output of the cerebellar cortex and project to the inner core of the cerebellum, terminating upon the cerebellar nuclei. Representing the primary output from the cerebellum, the cerebellar nuclei are divided into four distinct structures in humans: dentate, emboliform, globose, and fastigial. The emboliform and globose are referred to as the interposed nuclei in rodents, in which the distinction between the sub-nuclei is less clear (26). The dentate is the most lateral and receives the majority of its inputs from the cerebellar hemispheres. The interposed nuclei are located in the middle and receive input from the paravermis. The most medial nuclei, the fastigial, receive input predominantly from the vermis. While the Purkinje cell to cerebellar nuclei connection is strictly inhibitory, cerebellar nuclei efferent signals are multimodal as they contain long-range glutamatergic and GABAergic projection neurons, as well as local glycinergic interneurons (24). It should be noted that although they are not located within the cerebellum, the vestibular nuclei, located directly below the cerebellum, also receive input from Purkinje cells.
THE CEREBELLUM IN DYSTONIA
The etiology of dystonia is complex. While the emergence of dystonia likely involves the dysfunction of a broad but convergent dystonia circuit, it is possible that hereditary forms of dystonia with a defined molecular origin involve distinct subcomponents of this circuit. DYT1 generalized dystonia, a common form of hereditary dystonia, can arise from a 3-base-pair deletion (∆GAG) in TOR1A. TOR1A encodes torsinA, a cytoplasmic protein found at high concentrations in Purkinje cells and the dentate nucleus (27). This mutation is known to result in aberrant binding activity between torsinA and its partners (28) and impaired torsin-ATPase activation (29). Ultimately, this mutation is known to affect neurodevelopment through disrupted formation of the nuclear envelope (30). It is also understood that abnormal torsinA activity in the cerebellum is directly related to the development of dystonia: shRNA knockdown of torsinA in adult mice results in dystonia only when delivered to the cerebellum, but not the basal ganglia (31). This suggests that while the characterization of pathways for torsinA activity in dystonia are still underway, the cerebellum appears to be a key node in the network of disrupted brain regions. This relationship holds for other hereditary dystonias. Mutations in THAP1, a transcriptional regulator of endothelial cell proliferation, are known to cause DYT6 dystonia (12). Thap1+/− mutant mice display distinct cerebellar abnormalities, including a lower frequency of cerebellar nuclei firing and Purkinje cells that fire with greater regularity than littermate controls (32). Similarly, Sgce and ATP1α3 mutant mice (models for DYT11 and DYT12 dystonia respectively) also display aberrant Purkinje cell and cerebellar nuclei firing patterns (33, 34). While the understanding of how these disease-causing mutations result in altered cerebellar circuit function and subsequent dystonia is unclear, some work does suggest that these genes converge on the eIF2α signaling pathway. Responsible for catalyzing protein synthesis and processing in the endoplasmic reticulum (35), mutations in this pathway may result in endoplasmic reticulum stress, which increases Ca2+ permeability and alters neuronal Ca2+ signaling (36).
The cerebellum’s role in non-hereditary dystonia etiology is also elaborate. In idiopathic cervical dystonia, fMRI studies have demonstrated that lesions across the brain comprise a functionally connected network, dubbed the “dystonia network,” characterized by positive connectivity to the cerebellum (5). Independent groups have found that botulinum neurotoxin (BoNT) injections, now a standard, efficacious therapy for many dystonia patients (2), can result in decreased intra-cerebellar connectivity in the posterior cerebellum and decreased cerebro-cerebellar connectivity between the cerebellar vermis and the frontal/prefrontal cortices (37). Such studies suggest that overactivity of the cerebellum contributes to the development of dystonia-related behaviors. Importantly, cerebellar overactivity may serve as a “marker” for specific forms of dystonia, as studies in patients with Parkinson’s Disease show similar results to fMRI studies in patients with cervical dystonia; both groups display characteristic cerebellar overactivity (5, 38). Therefore, further imaging studies may be able to shed light on whether cerebellar dysfunction is distinct in different manifestations of the disease, or whether cerebellar overactivity is a consistent hallmark in subsets of dystonia.
While both molecular evidence from hereditary dystonia studies and circuit level evidence from human imaging implicate functional cerebellar alterations in dystonia, the manner in which aberrant cerebellar circuit function produces dystonic movement remains enigmatic. To better understand this relationship, a brief description of putative cerebellar computational models may be helpful. An interesting observation is that up to 98% of neurotypical Purkinje cell-parallel fiber synapses may be functionally silent with the synaptic signal at any given parallel fiber-Purkinje cell synapse having only a negligible effect on the postsynaptic cell (39–41). It has been proposed that this is a deliberate process which maximizes the signal to noise ratio of convergent parallel fiber inputs allowing for adequate signal processing, by the Purkinje cell, ultimately leading to the production of appropriate voluntary movement (42). Such a model assumes a covariance learning rule in which parallel fiber synapses with less noise have an increased synaptic weight, and vice versa. Thus, this model posits the cerebellum as an adaptive computational network (43), centered upon Purkinje cell signal processing. Together with the dystonia network hypothesis, these circuit-level features may support the notion that aberrant overactivity in the cerebellum, particularly impaired Purkinje cell sorting ability, could be a major contributor to dystonia pathophysiology. Although it remains unclear how these inputs and cortical stages of signal processing in the cerebellum are affected in various etiologies of dystonia, there is mounting evidence that dystonia converges on the cerebellar nuclei and as a result severely disrupts cerebellar functional output and behavior.
In addition to the aforementioned findings, several mouse models of dystonia indeed suggest that cerebellar output function may be the key to dystonia pathophysiology. One study demonstrated that infusion of ouabain at the cerebellar midline leads to altered cerebellar activity and the resultant dystonia, the severity of which can then be lessened by cerebellar infusion of GABA (44). Concordantly, the tottering mouse possesses a mutation in P/Q-type calcium channels expressed in cerebellar granule cells and Purkinje cells. When crossed to a mutant mouse line with Purkinje cell degeneration, the dystonia disappears (9). Loss of Purkinje cell afferent function also contributes to dystonia pathophysiology. The Ptf1aCre;Vglut2fx/fx mouse, in which excitatory olivocerebellar synapses are silenced, experiences severe dystonic attacks and displays aberrant Purkinje cell function and burst-like cerebellar nuclei firing patterns. Importantly, in this mouse, mobility is restored by modulating the cerebellar circuit with deep brain stimulation directed to the cerebellar nuclei (10). Models of hereditary dystonia also implicate cerebellar nuclei dysfunction as a key component of their etiology. The Tor1aΔE mouse, a model for DYT1 dystonia, presents with significant glial fibrillary acidic protein staining in the cerebellar nuclei (45), which is indicative of reactive astrocytes and suggestive of significant sustained damage in this region. Overexpression of torsinB (a paralog of torsinA, and which is also expressed in Purkinje cells), is able to rescue the main motor phenotypes as well as the accompanying degeneration and cerebellar gliosis (45).
The findings that the hereditary dystonias, the effective treatments of idiopathic dystonias, and the circuit manipulations that produce dystonic behaviors in model systems all converge to implicate altered cerebellar network function in disease pathophysiology begs an important question: is dystonia truly an isolated motor disorder or are the observed neurological deficits the reflection of primary manifestations of disease that affect a broader brain network? To start to address this question, in the next section, the non-motor symptoms of dystonia will be further explored. Importantly, we will do so in the context of the expanding roles of the cerebellum.
THE CEREBELLUM AND THE NON-MOTOR SYMPTOMS OF DYSTONIA
As a network disorder, it is expected that the aberrant cerebellar activity leading to dystonia should, in theory, impact all regions with cerebellar connectivity, which would then affect diverse physiological processes. To wit, alongside motor dysfunction, patients with dystonia often present with a variety of non-motor symptoms; depression, anxiety, and disordered sleep being common among them (46–48). Given the debilitating nature of the motor phenotypes seen in dystonia, it may seem reasonable to assume, and often is, that non-motor symptoms are a secondary result of motor dysfunction. Indeed, dystonia patients who experience painful and involuntary motor contractions can often also experience depression, anxiety, and disrupted sleep as a direct result of their motor symptoms. However, various lines of evidence suggest that these non-motor symptoms are independent manifestations of the network dysfunction that leads to dystonia. While some patients do experience improvements in depression following BoNT treatment targeting motor symptoms (49), others see little improvement, failing to see any causative relationship between motor symptom severity and non-motor symptoms (50). Impaired sleep, in particular, appears to be unaffected by BoNT therapy (51, 52). These results are in line with research delineating the role of the cerebellum in regulating non-motor behaviors (53–56), suggesting that the non-motor symptoms are a result of aberrant cerebellar activity in dystonia, rather than a result of the ultimate motor deficits generated by a canonical network. These findings are also intriguing as they suggest a differential role for cerebellar hyperconnectivity versus hyperactivity in the disease. While reduced cerebellar hyperconnectivity is achieved by BoNT therapy (37), it is possible that cerebellar hyperactivity is the greater contributor to sleep impairments in dystonia, resulting in the observed inability of BoNT therapy to improve sleep. Alternatively, it may be that the degree of cerebellar quiescence achieved by focal BoNT therapy is insufficient to restore sleep, which involves highly complex processes.
It is also possible that non-motor symptoms in dystonia, like sleep disturbances, do not depend solely on cerebellar dysfunction but rather stem from aberrant bi-directional coupling between the cerebellum and cerebral cortex. For instance, activity in the cerebral cortex is known to down-regulate cerebellar output activity during slow-wave (NREM) sleep (57); yet cerebellar activity is also proposed to fine tune neocortical synchrony during NREM sleep (58). As dystonia is known to disrupt communication between the cerebellum and cortical structures (5), it may be that aberrant cerebello-cortical signaling drives the non-motor symptoms of dystonia, such as impaired sleep.
Sleep impairments in dystonia are particularly notable, although their causes are unclear. It is well-documented that patients with dystonia typically present with insomnia or some form of sleep disruption (51, 59–61). For instance, polysomnographic recordings conducted in cervical dystonia patients have shown that these individuals display an increased latency to sleep, increased latency to REM, and decreased sleep efficiency (62). However, sleep impairments in dystonia are particularly understudied, due in part to perceptions that they represent a secondary symptom of the disease rather than an integral and distinct etiological component, a view that is gradually changing (51).
CIRCADIAN RHYTHMS AND SLEEP
Circadian rhythms represent the output of many biological clocks that are distributed throughout the brain and entire body (Figure 1). The suprachiasmatic nucleus (SCN), a relatively small nucleus consisting of ∼20,000 neurons in the hypothalamus, acts as the principal circadian clock (63). The time-keeping ability of the SCN is maintained by a transcription-translation feedback loop; the rhythmic activation and repression of Bmal1, Clock, Per and Cry comprise the core components of this molecular feedback loop, which has a period of approximately 24-h (64). Although this remarkable time keeping ability is endogenously generated, it must be “reset” each day to maintain fidelity to a 24-h cycle. Therefore, these clocks rely on rhythmically occurring environmental factors, “zeitgebers”, to provide regulatory cues (63). While circadian clocks are capable of entraining to a variety of zeitgebers, including mealtimes (65), temperature (66), and circulating glucocorticoids (i.e., cortisol) (67, 68), the primary mammalian zeitgeber remains the light-dark cycle. This presents a fundamental link between an animal’s behavior and brain circuitry, as the SCN receives direct retinal innervation through the retino-hypothalamic tract (63).
[image: Figure 1]FIGURE 1 | Overview schematic of key brain regions controlling sleep and circadian rhythms (A) An illustration of a sagittal section cut through the adult mouse brain. The pons (blue), midbrain (green), and hypothalamus (red) are highlighted to designate their relative positions. Regions that are known to participate in the regulation of sleep-related processes are shown in dark purple. Regions which are suspected to participate in sleep regulation are shown in light purple. All regions of interest send or receive inputs to/from the cerebellum, the suprachiasmatic nucleus, or the hypothalamus. Although the image here depicts circuits related to the main circadian sleep centers, there are also other circuits that contribute to controlling neural function during sleep. (B) An overview circuit schematic depicting the major neural projections between key regions that are involved in sleep physiology (A). For simplicity, other regions (for example the thalamus) and their related circuits were excluded, although we fully acknowledge their importance in sleep.
Communicating with a number of “peripheral clocks” (non-SCN clocks) via autonomic innervation and humoral signals (69), the SCN orchestrates the timing of varied physiological functions, including sleep. Indeed, ablation of the SCN results in the inability to entrain to photic and non-photic stimuli (70), and complete arrhythmicity in daily patterns of activity and sleep timing (71). Typically, circadian disruption in healthy individuals stems from environmental factors or pre-existing conditions exacerbating circadian dysfunction. Shift work is well-known to cause significant circadian misalignment and subsequent comorbidities ranging from mood and social disorders (72, 73), to compromised immune function (74, 75) or cardiovascular disease (72, 76, 77). Evidence also exists that chronic short sleep directly impacts mechanisms of neurodegeneration, observed in its contribution to the pathophysiology of Alzheimer’s disease via disruption of glymphatic clearance (78–80). Sleep impairments are also highly associated with motor learning/function (81–83). Eye-blink conditioning experiments in mice demonstrate a significant tendency towards more conditioned responses when mice sleep longer immediately following learning trials (84). Similar results were observed in humans performing a cued motor task, in which replaying the auditory cue during NREM sleep improved performance in the trial immediately following the sleep bout (85). Memory consolidation during sleep also serves an important role in the recovery of motor function following injury. Patients in recovery from ischemic stroke display improved retention of implicit motor learning when they are able to sleep between practice and testing periods (86).
While more experimental work is needed in this area, several lines of evidence do exist to suggest a causal link between cerebellar damage in dystonia and sleep dysfunction. Both climbing fibers and mossy fibers, which represent the major afferent pathways to the cerebellum from diverse brain regions, demonstrate differential activity during specific sleep stages (87), and their altered activity is implicated in different models of dystonia (10, 88). On the cerebellar output side of the structure, lesions of the superior cerebellar peduncle (a large collection of tracts mainly carrying the primary output pathways of the cerebellum) and the cerebellar vermis result in reductions of NREM and REM sleep in cats (89, 90). Therefore, perhaps the peripheral clocks, in particular the cerebellum, may play a causal role in the generation of disrupted sleep-associated comorbidities, as well as direct disturbances of sleep, as we will discuss in the next section.
THE CEREBELLUM, CONNECTIVITY AND SLEEP PHYSIOLOGY
Similarly to other structures containing peripheral clocks [i.e., dorsomedial hypothalamus (91), liver (92)] the cerebellum also harbors a circadian oscillator (Figure 1B). Evidence exists not only for rhythmic expression of cerebellar clock genes and proteins, but also that this cerebellar oscillator plays an active role in regulating physiological behaviors, namely food-anticipatory activity, as mealtime anticipation behaviors are lacking in mice with cerebellar damage (14). The cerebellar oscillator may also be sensitive to corticosterone, a hormone which is known to oscillate with a distinct circadian profile (67), as SCN-lesioned rats displayed restored cerebellar clock gene rhythms when they received exogenous corticosterone. Interestingly, exogenous corticosterone administration and subsequent restoration of the cerebellar oscillator failed to restore disruption of body temperature and running wheel activity (93). This apparent specificity in the restoration of only some circadian behaviors could suggest that the cerebellar oscillator acts in partial independence from core circadian clocks, or only selectively regulates certain circadian behaviors. In rats, the thyroid hormone, triiodothyronine, also appears to exert circadian regulatory effects on the cerebellar oscillator, although these effects are limited to the neonatal developmental stage (94).
While direct anatomical connections between the SCN and cerebellum are lacking, evidence for indirect projections via intermediary regions does exist (boxed regions in Figure 1B) (95). Such connections are critical, as peripheral oscillators must receive phase-setting information from the SCN, even if indirectly. The locus coeruleus may serve as such an intermediary region. Not only does it directly regulate sleep-wake transitions (96) and NREM/REM intensity (97) through monoaminergic neurons, it also sends direct projections to the cerebellum and exerts a modulatory effect on Purkinje cells (98–100). Notably, both Purkinje cells and the deep cerebellar nuclei send dense projections to the locus coeruleus (LC); Purkinje cell projections in particular represent one of the biggest fractional inputs (101). This intermediary region is particularly notable, as the LC may influence cerebellar-dependent learning/plasticity in much the same way as it is known to affect place cell dependent hippocampal activity (97).
The brainstem may also enable, or perhaps facilitate, cerebellar-circadian communication. The parabrachial nucleus in the rostral hindbrain projects directly to the hypothalamus (102) and is known to play a role in REM-NREM transitions (103, 104) while also receiving input from Purkinje cells in lobules VIII–X of the cerebellum (105). The serotonergic neurons of the dorsal raphe nucleus are also well known regulators of sleep-wake states (106–108) and have recently been shown to play a role in mediating stress-induced dystonia through direct projections to the cerebellar nuclei (109). Additionally, the pedunculopontine nucleus sends direct projections to the SCN (110) and is established as a regulator of REM sleep (111–113) while also sending and receiving inputs between the cerebellum and the basal ganglia (111, 114). Cholinergic abnormalities in the pedunculopontine nucleus (PPN) have also been observed in patients with cervical dystonia, further suggesting that it may contribute to the neural circuitry that is defective in dystonia, although the exact etiology and the mechanistic underpinnings of how this structure and its connectivity contributes to the disease are unclear (115). It is known that cholinergic signaling directly modulates arousal states, and that cholinergic signaling of the PPN, in particular, increases wake and REM states, and also plays a key role in the initiation of REM sleep (116). In this way, a cholinergic deficiency in the PPN could directly contribute to both cerebellar and sleep dysfunctions, and given the known recurrent activity between the two regions (5), aberrant activity of the PPN and cerebellum in dystonia may ultimately compound one another to impact the same behavioral disturbances.
The dopaminergic neurons of the ventral tegmental area (VTA) may also serve as an intermediary region allowing for the cerebellum to participate in sleep regulation. Dopaminergic VTA neurons promote arousal, and their suppression is known to inhibit wakefulness while also promoting sleep-relevant behaviors (117). Cerebellar neurons including Purkinje cells are also reported to receive dopaminergic input and express dopamine receptors (118), while the VTA itself receives afferents from the cerebellum directly (58). In this way, the VTA may act as a key intermediary in the nonmotor symptoms of dystonia, particularly in dopa-responsive dystonia (119).
Perhaps one of the most functionally provocative but poorly studied intermediary circuits is between the cerebellum and hypothalamus. Hypothalamo-cerebellar projections are widespread and comprise a topographic organization. Projections originate primarily in the posterior hypothalamus and terminate in all divisions of the cerebellar nuclei cells as well as within the Purkinje cell and granule cell layers in the cerebellar cortex, with a heavy projection to the vermis. The cerebellar nuclei in turn send reciprocal connections to the hypothalamus, again with a topographic organization, projecting through the superior cerebellar peduncle (120). It is interesting to note that the SCN has significant reciprocal connections with the posterior hypothalamus (121). These reciprocal connections, whose non-canonical nature results in their escape from regular descriptions of the cerebellar circuit, could provide at least one potential route for communication between the cerebellum and the SCN.
Alongside these neuroanatomical relationships, there is also evidence to suggest that the cerebellum plays a role in sleep regulation. Purkinje cells have been demonstrated to express sleep-stage dependent activity, increasing their firing in sleep-wake transitions (55). It should be noted that the exact changes in firing dynamics during REM/NREM are conflicting: some have shown that Purkinje and cerebellar nuclei cell activity increases during REM (122, 123) while others show the opposite (55). The latter is appealing given the role of Purkinje cells in modulating muscle tone (124), which is characteristically atonic during REM sleep (125). fMRI studies during sleep have also demonstrated that the cerebellum displays increased activity during NREM sleep, which may facilitate neuronal interactions (126). Indeed, this increase in cerebellar activity is in agreement with hypotheses that motor learning is refined during sleep (82–85), and with recent findings that delta wave oscillations during NREM sleep are responsible for coordinating cerebello-hippocampal temporal coherence (127). In line with this, recent work also suggests that cerebello-thalamo-cortical coherence is increased during REM sleep (15), indicative of an offline mechanism for learning consolidation. These cycles of increased and decreased coherence track with changing sleep stages, suggesting that there are periods during which cerebellar “access” to thalamic and cortical structures is preferentially optimized. While the ultimate goal of this optimized coherence is hypothesized to involve predictive learning, which is consistent with the model of cerebellar feedforward control mechanisms (128), further work is needed to fully understand not only the properties of cerebellar activity during sleep, but also its role in sleep regulation.
Cerebellar activity during sleep also plays an important role in normal sensorimotor development. While REM sleep is characteristically defined by muscle atonia (125), skeletal muscle twitches are known to occur in mammals, particularly in rodents. These twitches are implicated in normal somatotopic organization, and are believed to play a role in the maturation of movement patterns, as rudimentary movements in early development become more coordinated, adaptive movements in adulthood (129). Cerebellar development is thought to be linked to both twitch-related activity and REM sleep. Previous work has demonstrated that 6-day old rats (in which the parallel fiber system is not yet fully formed) display significant state-dependent changes in complex spike and simple spike activity. Complex and simple spike activity increases during REM sleep, and increase yet again during bouts of twitch activity occurring in REM sleep (130). As such, twitches may act as a source of activity that contributes to the development of cerebellar sensorimotor regulation (131). Similar work in 4, 8, and 12-day old rats found REM-dependent increases in Purkinje cell activity (i.e., increased complex spikes and simple spikes), which peaks at 8 days of age and is temporally aligned with muscle twitches, to within 100 ms (132). Recently, head-fixed sleep recordings in older rats (9, 12, and 20-days of age) suggest that twitches occurring in REM sleep trigger somatotopic activity in the thalamus and motor cortex, and that twitch-related activity in the ventrolateral and ventral-posterior thalamus undergoes continued refinement from P12 to P20. Of particular interest is the finding that this forward model of movement in the ventrolateral thalamus is cerebellar dependent, as pharmacokinetic inactivation of the interposed nucleus disrupts the precise timing of twitch-related activity that has been established by P20 (133). Such work establishes the role of specific movements, such as twitches during sleep, in training and calibrating internal models, which allow for the decoding of motor and sensory information during a key developmental window.
Thus, the cerebellum may be considered a central physiologic component in sleep, acting as a peripheral clock whose activity appears to play a significant role in the regulation of normal sleep homeostasis. However, a major question still remains: what are the mechanistic effects of disrupted cerebellar function on sleep? As we have alluded to previously, evidence for such a causal relationship does exist at both the functional and circuit levels (87, 89, 90). In this next section, we will explore this relationship, specifically in the context of dystonia-related abnormalities.
POSSIBLE MECHANISTIC INTERACTIONS BETWEEN THE CEREBELLUM, SLEEP, AND DYSTONIA
Dystonia, as a network disorder, may be considered at the behavioral level as the outcome of cerebellar overactivity (2, 5). Indeed, although BoNT treatment impacts neuromuscular function, it may also decrease cerebellar connectivity between the ipsilateral posterior vermis and the posterior hemispheres in patients with cervical dystonia (37). This decreased connectivity extends outside the cerebellum, impacting cerebello-cortical projections from the vermis/crus regions to the temporoparietal/prefrontal cortices, respectively. As cervical dystonia is associated with abnormally increased cerebellar connectivity with the sensorimotor cortex (5), the improvement of motor symptoms following the decrease in cerebellar connectivity after BoNT injections may be expected. Such an improvement is not seen in sleep disruption (52), which remains after repeated treatment. These data argue that although cerebellar overactivity could contribute to circadian dysfunction in dystonia, the pathways affected by BoNT are functionally and anatomically distinct from those involved in sleep, which is perhaps not unexpected, given that the BoNT injections are given at the focal peripheral sites where dystonia is manifest rather than as a systemic administration typical of oral or other parenteral forms of drug administration. Such divergent pathways would explain the previous work described here, which suggests that motor dysfunction and sleep impairments occur in parallel in the cerebellar circuit (134). Alternatively, these “divergent pathways” may in fact represent differential outcomes of cerebellar hyperconnectivity versus hyperactivity, though further work is needed to fully explore and distinguish these possibilities.
Nevertheless, sleep and dystonia appear to be linked in such a way that may highlight the interaction of sleep and the cerebellum. There is evidence that patients with dystonia display sleep impairments, but a causative relationship between dystonia and sleep dysregulation remains unclear. Sleep latency and REM latency are indeed elevated in patients with isolated cervical dystonia, indicative of some form of circadian disruption (62). Interestingly though, while some studies show that dystonic muscle activity disappears during REM sleep (62), results from a recent patient survey suggest that dystonia symptoms may in fact persist even during sleep (134). Does this indicate that the motor symptoms of dystonia are directly related to sleep dysfunction? Certainly, evidence exists that muscle activity in dystonia decreases during sleep, increasing only in the moments prior to wake (135, 136); this is in line with the synaptic homeostasis hypothesis, which suggests that synaptic activity is renormalized during sleep (137). Therefore, while it is possible that muscle overactivity during wake is corrected during sleep, this mechanism may be aberrant in those with dystonia. A similar aberrant mechanism may exist at the level of the cerebellum. Normal sleep-dependent cerebello-thalamo-cortical communication and Purkinje cell activity is likely disrupted in patients with dystonia and may be particularly difficult to compensate for given the inability of patients to adequately manage sleep disruption. In this way, cerebellar dysfunction and sleep disruption in dystonia may each comprise two halves of a self-propelling cycle.
DISCUSSION
There is substantial evidence in humans and animal models that convincingly implicates the cerebellum as a major node in the network disruptions underlying dystonia (5, 9, 10, 27). Furthermore, it is suggested that this disruption forms the basis for the comorbidities faced by dystonia patients beyond canonical motor symptoms, of which many physiological processes are involved, notably sleep (14, 15, 48, 51, 55, 61). While the pathogenesis for the involvement of the cerebellum in the development of dystonia remains an active area of investigation, Purkinje cells and cerebellar nuclei neurons are both definitively involved in the propagation of aberrant signals within and outside of the cerebellum—the cerebellar nuclei, in particular, have emerged as a common target for the modulation of motor symptoms (10, 109). Based on the reviewed evidence, it seems reasonable to propose that one or both of these cell types are involved in the complex relationship between the cerebellum and the major circadian centers of the brain, though the full mechanism by which the cerebellum contributes to circadian regulation remains elusive. Ultimately though, the relationship between sleep and the cerebellum in dystonia presents a unique opportunity to develop improved therapies that can help simultaneously treat both the motor and the nonmotor symptoms of the disorder, which as of yet has not been achieved with any single treatment modality.
It could be that targeted treatments like deep brain stimulation (DBS) could positively impact sleep disruptions, succeeding where other treatments (i.e., BoNT, drugs) have failed. BoNT therapy targets motor symptoms of dystonia by directly paralyzing affected muscles, administered at the site of motor dysfunction and hypothesized to function via retrograde transport to the CNS through motor axons (138). While effective, BoNT therapy is highly specific for alleviating motor dysfunction, due to its focal application. Although, while certain drugs like benzodiazepines or anticholinergics can be used to mitigate the motor symptoms of dystonia (139), they typically also have significant effects on sleep (140, 141). In contrast, one way that DBS is thought to function is by causing an “informational lesion” of synapses (142), which could be used to correct convergent sites of dysfunction, for example, at the cerebellar nuclei. This is a promising avenue, as DBS has been demonstrated to improve sleep (143, 144, 145, 146), a highly systemic process, and the technological capability to pair stimulation paradigms with sleep states is also proven (145) (though not in cases of isolated idiopathic dystonia). Understanding the sleep-cerebellum-dystonia relationship could also improve the benefits of non-invasive therapies, perhaps by incorporating a set pattern of rhythmicity during treatment administration, as has been achieved in cancer therapies (147, 148, 149).
Many open questions surround sleep, dystonia, and the cerebellum. For instance, while it is known that sleep disturbances exist across different motor disorders (13), it is likely that the sleep dysfunctions in each disease arise from unique causes, which could make a single universal treatment challenging. This would be especially true if the cellular and/or molecular mechanisms that are affected are different for each condition. However, if the circuit-level defects have some common loci–for example, the cerebellum–one could argue that therapeutics which target specific regions or circuits could have great benefits. Still, in the treatment of dystonia, such an approach could present a challenge, as “dystonia” encompasses a broad number of motor disorders with great heterogeneity across the different forms of the disease (2). Additionally, distinguishing between dystonia-dependent versus -independent sleep disturbances is difficult and will be an important obstacle to overcome both in the study of dystonia and the development of effective therapeutics. Even at the motor circuit level, distinguishing between the origins and impact of dystonia-related symptoms and the sleep problems (for example, are the sleep disturbances due to dystonic motor defects, or is their co-existence the indication of broader dysfunction?) is challenging. Moreover, stress and anxiety, which are known to have unique relationships with sleep and the circadian system (150), are notable non-motor symptoms in dystonia that are typically unaddressed by common and often effective treatments like BoNT therapy (46, 52). Another question to resolve emerged with the existence of mixed evidence regarding the prevalence of sleep disorders in dystonia; a study of 24 patients with both primary and secondary dystonia showed similar sleep organization and architecture relative to controls (151). It is possible that the use of highly specific mouse models could help address some of these concerns, and perhaps thereafter, specific diagnostic tests could be implemented in order to better define what therapies are suitable for each patient’s symptoms.
Nevertheless, it is becoming increasingly apparent that sleep disturbances are not only common among those affected by motor disorders (13, 46, 51, 52, 59, 60, 61, 62, 135, 136, 152), but that these disturbances are more than secondary symptoms. If we are to deeply and better understand network disorders like dystonia, we must approach future investigations into the mechanisms and potential therapies of the condition with a mindset that places the non-motor complications, such as sleep, in the same hierarchy as the visible motor complications that remain at the forefront of investigation. Thus, further research needs to be performed, in animal models and human patients, to better understand the complex role(s) of the cerebellum in the numerous motor and non-motor features of dystonia. In this regard, we propose that the cerebellum, and its connections, is precisely one such region that may help identify these critical common neural mechanisms.
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