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Abstract
Purpose of Review Sleep is a physiological process characterized by a crucial interaction between behavioural and neurobiological aspects, thereby directly influencing mental functionality. The present work aims at providing an overview of the structure, topological distribution, and functions of the sleep slow oscillation (< 1 Hz), and at attempting to unveil how the mechanisms underlying its properties are altered in several mental disorders.
Recent Findings Slow wave sleep and especially the sleep slow oscillation appear to regulate essential mechanisms at the basis of neuronal and synaptic health, such as an efficient functional connectivity, brain plasticity, memory consolidation, metabolic clearance, and sleep maintenance. Alterations of these functions can be observed at various levels in a wide range of mental disorders, ranging from insomnia to overt psychiatric disorders.
Summary We propose a guidance for research and clinical practice related to the sleep slow oscillation, considering the lack of clinical emphasis on this wave and highlighting the potential benefits of its direct non-invasive modulation. In this framework, we propose that targeting insomnia would be crucial for mental health by regulating the sleep slow oscillation.
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wave sleep
Introduction
Sleep is a fundamental physiological process [1] characterized by spontaneous electroencephalographic (EEG) and metabolic patterns, consisting in a gradual and reversible 
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detachment from the environment [2]. The importance of sleep for human beings relies on its involvement in homeostatic processes, neuroplasticity, and autonomic, immune, and endocrine regulation, therefore contributing to maintain mental and physical health [3•]. Indeed, sleep can be conceptualized as a health-promoting behaviour through which direct action on health itself is produced, being characterized by fundamental interactions between behavioural and neurobiological aspects of the individual [4].
In this context, the slow wave sleep (SWS) is at present gaining further interest in scientific literature, since it serves essential roles related to several brain functions [2] through at least two pivotal mechanisms: synaptic plasticity and metabolites clearance via the glymphatic flow regulation [5]; both mechanisms are crucial for fostering integrated neural complexity, and maintaining an adequate mental functioning [6•]. SWS is prominent during the deepest stage of nonrapid eye movement (NREM) sleep (stage N3) [2], and it is characterized by slow oscillations which, based on their frequency range, can be distinguished in delta activity (1–4 Hz) and less than 1-Hz oscillations (i.e. sleep slow oscillation — SSO) [2, 7]. In brief, delta activity consists in low-frequency, 
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high-amplitude fluctuations [7] related to homeostatic brain regulation and synaptic downscaling [8, 9]. On the other hand, the SSO represents a fundamental electrophysiological behaviour, reflecting the alternation of cortical neurons’ membrane potential between a hyperpolarized down state and a depolarized up state [10, 11]. This bistable pattern is crucial for maintaining deep sleep and hence sleep unconsciousness [12, 13], and it seems to be selectively modulated by learning, therefore actively participating in plastic regulatory processes [14].
A growing body of evidence [3•, 5, 15] points towards the role of sleep disruption in a wide range of mental disorders, covering a variety of psychological and psychiatric pathological conditions, such as psychotic and mood disorders, anxiety, post-traumatic stress disorder, eating disorders, neurodevelopmental, and personality disorders [15]. Disrupted sleep has been suggested as one of the fundamental phenomena contributing to altered brain functioning and to a higher vulnerability towards the development of psychopathological conditions, pointing towards the disruption of sleep continuity as a transdiagnostic dimension [15].
The current review will describe the pivotal role of the SSO in the fine tuning of neural activity during sleep, in an attempt to broaden the clinical approach to mental health. We will first elucidate the morphological and topological properties of the SSO; secondly, we will give a precise overview of its pivotal functions during sleep. As a further step, we will present evidence on the overlap between the SSO’s cortical propagation pathways and neural circuitry involved in psychiatric disorders. We will finally discuss the potential role of the characterization and modulation of the SSO in clinical practice.
Neurophysiological Implications of the SSO
The Nature of the SSO
The SSO was first described in a seminal study by Steriade and colleagues in 1993, in which intracellular recordings of pyramidal neurons within rats’ cortex during anaesthesia allowed to identify a bistable variation of neural membrane potential that was detected in 88% of the recorded neurons [10]. From this pivotal study emerged that this oscillation consisted of a hyperpolarization phase (or down state), during which a deep electrical silencing of all cortical neurons occurs, and a depolarization phase (or up state) [10], where an intense synaptic sustained firing rate can be observed [10, 12, 16].
Crunelli ad Hughes (2010) proposed that the generation of the SSO depended from a coordinated interaction of three “cardinal oscillators” [17]: a synaptically based cortical oscillator and two intrinsic conditional thalamic oscillators — the thalamocortical and the nucleus reticularis thalami (NRT) [17, 18]. The dynamic interplay between these oscillators provides the three pivotal attributes of the up and down state mechanisms, which enable the generation and propagation of the oscillation: rhythmicity, robustness, and reciprocity [17].
The SSO is a traveling wave which preferentially propagates across the so-called cingulate highway that involves a large-scale cortical pathway [11]. It originates from the insula and propagates along an anterior–posterior gradient, spreading through the anterior cingulate cortex (ACC), the inferior, medial, and middle frontal gyri, reaching the posterior cingulate gyrus and the precuneus, at a speed of about 10 m/s [11, 16, 19].
From a functional standpoint, the implication of this oscillation relies upon its morphological properties. The down state (hyperpolarization) is mediated by the activation of C a2+-dependent  K+ channels that allow the passage of  K+ ions from the inside to the outside of neuronal membrane, thereby promoting a deep hyperpolarization [20, 21]. The down state phase causes a disfacilitation in intracortical and thalamocortical networks, which produces a reduction in synaptic efficacy, thereby triggering a cascade reaction leading to the functional disconnection of cortical networks [22]. Then, the decrease in  Ca2+ concentration and the inactivation of the  Ca2+-dependent  K+ channels determines the transition to the up state phase (depolarization), which arises from the entry in the neuron of C a2+ sustained by N-methylD-aspartate receptors and voltage gated  Ca2+ channels [20, 21]. The increase in  Ca2+ concentration induces a synchronized neural spiking mainly detectable in sigma band (12–18 Hz), which fosters synaptic efficacy and favours Hebbian connectivity in cerebral circuitries and therefore participates in plastic regulatory processes, determining cortical and subcortical memories’ consolidation [14, 23, 24]. This fast-frequency rhythm is associated with the electrical activity of thalamic sleep spindles [25]: specifically, when cortical slow oscillations reach the NRT, they initiate spindle events that propagate to the cortex through thalamocortical projections, also mediating hippocampal-neocortical communication [26, 27]. Indeed, experimental studies have shown how spindle activity crowning the up state phase of SSO is enhanced by applying non-invasive current stimulation, and that it propagates across neocortical circuitry contributing to strengthen synaptic connections, similarly to what happens in physiological conditions [23]. Finally, a series of scalp and intracranial EEG studies has identified the occurrence of a positive deflection preceding the down state and characterized by a high-frequency firing rate [12, 16, 28]. This early wave, named pre-down state phase, could be conceptualized as a trigger that facilitates the occurrence of a down state by opening activity-dependent K + channels [14, 29], being a marker of cortical excitability responsible for the generation of the bistable cortical response of the SSO [12, 14, 16]; indeed, the pre-down state wave is crowned by sustained wake-like activity, from sigma to gamma ripples, hence promoting the SSO cortical travel [12, 16, 19].
The Role of SSO in Synaptic Plasticity
Starting from the pioneering work of Jenkins and Dallenbach (1924) [30], which linked sleep to the retention of verbal memories, the relationship between SWS and brain plasticity has been deeply investigated [9, 14, 23, 24, 31, 32•]. Before proceeding, we believe a clarification is due: the term neural plasticity refers to the adaptation of neural activity in response to environmental changes, whilst the term synaptic plasticity indicates the ability of synapses to change the efficiency of neural transmission in response to stimulations or to the action of metabolically active agents [33]. It has been demonstrated that high-frequency activations in synaptic transmission result in an enhancement of postsynaptic responses, which may persist for a long time [34, 35]; this phenomenon is called long-term potentiation (LTP), and it represents a pivotal cellular mechanism at the basis of learning and hence of memory [33].
The two most widely accepted hypotheses on neural plasticity’s modulation during sleep are the active consolidation hypothesis [36] and the synaptic homeostasis hypothesis [8]. The first asserts that LTP is induced by NREM EEG activity, namely, slow waves and sleep spindles [36]: these oscillations would contribute to strengthen new neural assemblies that have undergone enhancement during previous wakefulness [37, 38]. The second hypothesis states that sleep may restore brain’s global stability by reducing the strength of connections that did not undergo synaptic potentiation during wakefulness [8]. Indeed, studies on animal models confirmed that markers of synaptic strength increase during wakefulness and decrease during sleep [39, 40]. By renormalizing synaptic strength, sleep would lessen the demands of plasticity on neurons and on other cells, reinstating neuronal selectivity and the “capacity” of learning, improving the consolidation and integration of memories [8].
A critical facilitator of the synaptic enhancement involved in sleep-driven memory consolidation is the brain-derived neurotrophic factor (BDNF), the predominant growth factor in the central nervous system (CNS), essential for CNS development and for plasticity-related processes, including neurogenesis [41]. BDNF has been shown to induce LTP both following burst stimulations and experimental in vivo infusions [42, 43]. There is evidence supporting a causal relationship between BDNF expression during wakefulness and subsequent sleep regulation, emphasizing the role of BDNF in orchestrating the occurrence of SWS (0.5–4 Hz) through several mechanisms such as [43] (i) promoting synaptic potentiation in local circuits, a mechanism notably observed in the hippocampus [44]; (ii) positively influencing local acetylcholine and/or glutamate release [45, 46]; and (iii) reducing the neural inhibition regulated by gamma-aminobutyric acid [47, 48]. Indeed, BDNF plays a fundamental role in the local enhancement of corticocortical connectivity, thereby impacting the biphasic oscillatory response of the SSO [49]. Moreover, BDNF is essential for learning, cognition, and mood-related behaviours [41] and its decrease is associated both to the hindrance of LTP induction and maintenance [50], and hence to the reduction of neural plasticity, a phenomenon common to a variety of mental disorders such as depression, schizophrenia, bipolar disorder, anxiety-related disorders, addiction, and eating disorders [41].
The Role of the SSO in Metabolite Detoxification Into the Cerebrospinal Fluid
SWS plays a critical role in restoring tissue balance and detoxifying brain metabolites — e.g. β-amyloid (Aβ) — into the cerebrospinal fluid (CSF) [51]. During SWS, a large oscillation in the CSF signal at 0.05 Hz can be observed [52]. This oscillation is temporally coupled and alternately expressed with oxygenated blood flow measured by blood oxygen leveldependent (BOLD) signal: more CSF flows when less volume is occupied by the oxygenated blood [52], thereby determining a coupled hemodynamic and CSF oscillation linked to the slowest neural activity of NREM sleep [52]: specifically delta activity (0.2 to 4 Hz) is associated with and precedes BOLD and CSF oscillations, its peak occurring 6.4 s before the onset of the CSF signal oscillation [52].
Consistent with the sequential occurrence of SSO, BOLD, and CSF oscillation peaks, a potential role of SSO-mediated electrical silencing in metabolite detoxification during sleep could be suggested, providing a link between the clearance of protein aggregates and neural activity [52]. Indeed, several studies show evidence of an increase in Aβ concentration in CSF following a reduction in SWS [53–56]. From a clinical standpoint, literature data suggest a bidirectional relationship between the abnormal accumulation of Aβ and sleep disturbances [57], with an alteration in sleep duration and quality [58] disrupting the sleep-driven Aβ “cleansing” mechanism [57, 59]. Of note, aberrant Aβ levels have been found in patients with psychiatric disorders [60–62], as well as a risk factor for the onset of neurodegenerative disorders, such as Alzheimer disease [63]. Moreover, age-related medial prefrontal cortex (mPFC) atrophy was found to be associated to SWS reduction, determining an impairment in sleep-dependent memory retention both directly [64] and indirectly by suppressing CSF flow and, consequently, sleep-driven metabolite detoxification [52].
Aβ deposition is also closely associated with activated microglia, which serves as a marker of neural inflammation and has been largely described to occur in areas of active tissue destruction [65]. Notably, the microglial response to Aβ plaques appears to contribute to stabilizing plaque size, and as such, neuroinflammatory response is closely associated with the size of the plaques [66]. Signs of neuroinflammation constitute a hallmark of neurodegenerative diseases; notably they have been identified also in several psychiatric disorders, including depression, schizophrenia, autism spectrum disorder (ASD), and anxiety [67–70]. Currently, the investigation on the specific interaction between the SSO, neuroinflammation, and Aβ may yield valuable insights in sleep research and its clinical application.
The SSO From a Mental Health Perspective
The above-mentioned relationship between SSO and basic neural functions (see Fig. 1) paves the way for a crucial mechanism through which the SSO may show impaired features in mental diseases.
In line with our earlier observations, there is compelling evidence that mental disorders, ranging from insomnia to psychiatric conditions, are underpinned by impairments of the main SSO functions: brain plasticity and brain detoxification. Furthermore, human connectome alterations have been described in several mental disorders [71], and hence, we hypothesize that dysfunctional SSOs travels can produce negative alterations of connectivity patterns in patients’ brains, strongly affecting their mental health [6•]; such disruptions are evident at different degrees across a broad spectrum of mental disorders [3•, 5, 6•, 59, 72, 73••, 74]. In addition, alterations of the SSO could produce impairments in neuronal metabolites’ detoxification, contributing to an altered restoration of tissue homeostasis and protection against neuronal toxicity. Table 1 visually represents the alterations occurring in diverse functions of the SSO across the psychiatric disorders examined below.
The SSO in Insomnia Disorder
Starting with insomnia disorder (ID), the most prevalent sleep continuity disorder [75], the current state of the art (coming from the field of neuroimaging), suggests that the brain regions most qualitatively involved in such disorder are the ACC, the thalamus, the insula, the precuneus, the posterior cingulate cortex, and the middle frontal gyrus [76]. To date, only one study reported an SSO impairment in ID, highlighting a lower EEG power in the insomnia group as 
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Fig. 1  The structure and functions of the SSO. a A depiction of the the lower part demonstrates its involvement in synaptic plasticity pheSSO graph element is presented alongside the cerebral areas where it nomena. PDS: pre-down state related to functional connectivity; DS: originates and develops. b Its functions are depicted, showcasing the down state related to unconsciousness; US: up state related to plastic upperpart illustrating metabolite detoxification within the CSF, whilst phenomena
Table 1  Visual representation of alterations in various functions associated with the SSO observed in the examined psychiatric disorders
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The data are derived from the most recent literature. Blue arrow: decrease; red arrow: increase; red and blue arrow: alterations found in both directions; orange cross: general alteration (no chance of inference on the direction/discordant data available); yellow hyphen: no data available. 
SWS: slow wave sleep; BDNF: brain-derived neurotrophic factor; SSO: sleep slow oscillation

compared to the healthy control group during NREM sleep [73••].
The SSO in Depression
Concerning mood disorders and depression in particular, specific changes in sleep features have been extensively described [77], particularly focusing on an enhancement in rapid eye movement (REM) sleep duration and density, along with shortened REM latency and decreased SWS [78]. These alterations may be partially related to the cholinergic system overdrive which is overly evident in depression [77] (i.e. absolute and relative central cholinergic hyperactivity [78]). Indeed, a cholinergic hypersensitivity in depressed patients [79, 80] and a decrease in NREM sleep latency following the administration of a cholinergic agonist [80] have been reported. Moreover, excessive amounts of acetylcholine negatively affect SWS, which is indeed dramatically reduced in depression [78]. Moreover, this cholinergic overdrive promotes the closure of  K+ channels, thereby increasing neural excitability, and consequently impairing the occurrence of the SSO down state phase [81]. Furthermore, a low level of BDNF has been postulated as strongly associated with depression-like behaviours [82]: a BDNF downregulation in the hippocampus and prefrontal cortex has been consistently observed both in depression and stress models, along with dendritic atrophy leading to increased spine density in the bilateral amygdala [82]. These evidence support the perspective that depression is characterized by low plasticity, especially in the dorsolateral prefrontal cortex, where synaptic loss and decreased functional connectivity with limbic areas are most notable [6•, 83].
The SSO in Psychotic and Neurodevelopmental Disorders
It is well acknowledged that activity-dependent synaptic plasticity serves as the biological cornerstone for proper psychological functioning, whilst an alteration of neuroplasticity mechanisms is associated with a broad range of clinical symptoms in many neuropsychiatric disorders [6•]. Some studies have started to explore the association between an altered neural complexity and psychopathology — e.g. psychotic disorders [84]. Changes in functional connectivity and alterations in the connectome complexity have been documented in psychotic disorders [84], with an abnormal large-scale involvement and an increased randomness in frontal areas being, respectively, associated to impaired cognitive insight [85] and reduced cognitive performance [84]. Observations point towards the loss of brain complexity hypothesis [86], which states that mental illness — in this case, psychosis — may be underpinned by a decline in the complexity of brain function and connectivity. Indeed individuals with schizophrenia show a reduction in dendritic branching, total dendritic length, and dendritic spine density of pyramidal neurons in the prefrontal cortex, with a potential impact on cortical and/or thalamic circuitry [87]. This disrupted neuronal pattern appears to initiate during the earliest phases of embryonic development, highlighting schizophrenia’s nature as a disorder associated with altered neurodevelopment [87].
Dwelling on the aspect of brain complexity and anatomofunctional connectivity related to neural development, patterns of under- and over-connectivity encompassing a big portion of the cortical mantle were reported also in ASD [74, 88], possibly being at the basis of communication, sensory processing, emotional, and behavioural impairments occurring in ASD [88].
These data suggest a disruption of SSO in the sleep of psychotic and autistic subjects, both regarding the alterations of specific SSO-origin areas as well as for the impairment of LTP-like molecular mechanisms undermining neural plasticity.
The SSO in Anxiety‑Related Disorders
Reduced SWS duration was highlighted in anxiety disorders [15]. A neurobiological key contribution is offered by the sleep-arousal system, particularly concerning the overlap between sleep regulation and anxiety circuitries [3•, 89]. A dysregulation of prefrontal-cortex-amygdala network, characterized by a down-regulation of the prefrontal cortex in anxiety, appears to take place along with REM sleep disruption; these findings align with the hyperarousal model of insomnia [90] which, in turn, is strongly associated with anxiety-related disorders [3•]. Again, a hyperarousal-mediated sleep shallowing and an altered prefrontal functioning point towards a hypothetic impairment in the SSO and its functions in anxiety disorders.
Clinical and Therapeutic Implications
At present, the role of SWS and especially the depiction of the SSO in mental health has not yet been deeply investigated. Thus, considering the cerebral pathways encompassed by the SSO and its pivotal functions, a hypothesis of its anomalous characterization across psychiatric disorders can be posited as a prospective suggestion, taking into account the transdiagnostic nature of sleep disturbances in mental disorders [15].
The hypothesis is that the alteration in neural complexity observed in psychiatric disorders might be underpinned by the SSO-mediated plasticity mechanisms, encompassing both memory consolidation (including LTP and learningdependent plasticity), and by a reduction of synaptic homeostasis restoration effectiveness during sleep. Furthermore, the clearance process from neurotoxic metabolites and abnormal proteins through the regulation of glymphatic flow may as well provide insights into the alteration of the SSO, especially in neuroinflammation. Despite this evidence, studies investigating the structural configuration, characterization, and functioning of the SSO are still limited.
In light of this, an analytical framework can be offered by ID. In this context, it might be noteworthy to take into account ID’s pivotal characteristics: the inability to initiate and/or maintain sleep with an hyperactivation which, at a brain-wise level, is depicted at the EEG level by a shallowing of sleep, underpinned by an increase in faster rhythms [90, 91]. The second characteristic is linked to the presence of daytime symptoms related to impaired performance, since insomnia patients show an altered recruitment of task-appropriate brain regions during working memory and attentional tasks [92–95]. A bridge between these two features can be established through the characterization of the SSO, with its down and up state phases underlying the previously described functions. This is of relevance considering that EEG recordings have demonstrated increases in micro-arousals especially during REM sleep and an enhancement in fast frequencies throughout the night, reflecting increased cortical arousal [96] consistent with the hyperarousal model of insomnia [90]. Owing to this, it might be reasonable to point towards a hypothetical decrease — at least quantitative — occurring in slower sleep frequencies in ID. Moreover, recent literature underscores ID’s transdiagnostic nature, establishing significant correlations with mental illness and also presenting an elevated risk for the development and perpetuation of several mental disorders [75, 97, 98].
Given the consistency in literature and the transdiagnostic nature of sleep and sleep disturbances, studying the SSO in mental health would allow for (i) defining how crucial brain health arrangements are altered within psychopathologies, each demonstrating different degrees of dysregulated functional connectivity and brain plasticity; (ii) investigating functional connectivity frameworks that may play a role especially in conditions underpinned by altered global and local brain connectivity, such as in neurodevelopmental disorders and schizophrenia; (iii) understanding how specific characteristics of pathological conditions can influence and be influenced by the morphology of the SSO; and (iv) precisely defining the topological distribution of brain alterations in psychopathologies, aided by the topology and propagation pattern of the SSO.
This approach would be further supported by the aforementioned aetiological and clinical perspective of sleep disturbance in psychopathology, where sleep difficulties play a significant role in facilitating and maintaining mental disorders, and where the transdiagnostic treatment of sleep disturbances could be routinely implemented in clinical settings [15, 72]. In this context, it must be underlined that extracellular oscillating field potentials in regions of interest can be triggered using non-invasive brain stimulation protocols [23]. In the context of the SSO, applying slow oscillating potential stimulations leads to an immediate increase in SWS, endogenous cortical slow oscillations, and slow spindle activity in the frontal cortex [23]. Indeed, the presence of slow oscillations at the same frequency and phase with those induced by stimulation was recorded after a transcranial alternating current stimulation (tACS), reflecting the boost in cortical activity induced by slow oscillation stimulation [23]. Similarly, using the transcranial magnetic stimulation (TMS), the application of pulses at < 1 Hz evokes a single high-amplitude slow wave originating under the coil and propagating across the cortex [99]. Finally, the administration of transcranial direct current stimulation (tDCS) during SWS at a frequency of 0.75 Hz whilst not improving memory consolidation in healthy subjects [100–102] increased the duration of stage N3 in insomnia patients [103]. These evidence demonstrates that endogenous sleep rhythms can be potentiated in a non-invasive and non-pharmacological way [99].
Furthermore, considering the transdiagnostic nature of ID [3•], the approach could specifically involve directing therapeutic interventions towards the SSO within the context of insomnia. Consequently, this targeted approach may have beneficial effects on the broader spectrum of comorbid psychiatric disorders.
Conclusion
This work aimed to highlight the presence of converging evidence from the literature regarding a potential role of the SSO in features related to various psychiatric disorders. Steering research in this direction would provide further impetus to the EEG study of sleep, its disturbances, and consequences in the context of mental health, potentially paving the way for new diagnostic and therapeutic frontiers. Indeed, it is noteworthy that the SSO can be induced and therefore modulated by enhancing both global and local SWS during NREM sleep [23, 99]. Consequently, low-frequency non-invasive brain stimulation protocols such as tACS, tDCS, and TMS could represent a valuable asset to be considered and integrated in clinical practice [89]. In addition, targeting insomnia with approaches which may regulate the SSO would be crucial for mental health.
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