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Background: The locus coeruleus (LC) is a nucleus in the human brainstem with a variety of noradrenaline-driven functions involved in cognition, emotions, and perception. Dementia with Lewy bodies (DLB) constitutes a neurodegenerative disease involving deposits of alpha-synuclein, first appearing in the brainstem. The goal of this narrative review is to delineate the relationship between the expression of psychiatric symptoms as an early-onset of DLB and the degeneration of the LC's noradrenaline system.

Methods: We searched in PubMed for relevant articles concerning LC degeneration and psychiatric symptoms in prodromal DLB in this narrative review. We rely on the McKeith criteria for prodromal psychiatric DLB.

Results: We found four studies that document neuronal loss, deposits of Lewy bodies and other hints for neurodegeneration in the LC in patients with DLB. Furthermore, we reviewed theories and studies on how the degenerated noradrenaline LC system contributes to psychiatric DLB's phenotype. We hypothesized how anxiety, hallucinations, delusions, and depressive symptoms might occur in DLB patients due to degenerated noradrenergic neurons entailing consecutive altered noradrenergic transmission in the LC's projection areas.

Conclusions: LC degeneration in prodromal DLB might cause psychiatric symptoms as the first and non-motor manifestation of DLB, as the LC is affected earlier by degeneration than are dopaminergic structures such as the substantia nigra, which are impaired later in the disease course.
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INTRODUCTION

The locus coeruleus (LC) is the small, bilaterally shaped structure in the brainstem located in the pons that contributes to cognitive functions (Berridge and Waterhouse, 2003; Sara and Bouret, 2012; Grueschow et al., 2020; James et al., 2020; Poe et al., 2020). The LC is the main location of a highly flexible, adaptable noradrenergic system projecting in many cortical and subcortical brain regions, thus explaining its highly relevant function in humans in everyday life, and essential for us humans as feeling and thinking beings. Beside its involvement in cognitive processes, a broader function recently emerged covering aspects of psychopathology, such as triggering anxiety (Morris et al., 2020), psychosis in alpha-synucleinopathies (Wolters, 2001) and demotivation in schizophrenia (Mäki-Marttunen et al., 2020), inattention to visual stimuli in the attention deficit-hyperactivity and autism-spectrum disorders (Boxhoorn et al., 2020), depressive symptoms in Alzheimer's disease (AD) (Förstl et al., 1992), suicide behavior (Roy et al., 2017) and defective emotional-memory encoding (Jacobs et al., 2020).

These studies imply the involvement of LC activity in generating psychiatric symptoms such as fear, delusions, hallucinations, and inattention. The conditions and environmental factors inducing psychopathologic symptoms are manifold in diverse disease manifestations that conclusions regarding the development of psychiatric disease due to impaired noradrenergic LC activity cannot be drawn. As mentioned earlier, the LC's network is extremely important, and if degenerated, provides a link to its potential brain dysfunctions. The LC's widespread projections to the prefrontal cortex, limbic system containing structures such as the hippocampus, and amygdala and well as other cortical and subcortical regions such as the sensory cortex (Schwarz and Luo, 2015; Liebe et al., 2020) are crucial in generating psychiatric symptoms (Figure 1). These pathways are being intensively investigated, and novel pathways have recently been identified. Attention control, for instance, is mainly regulated by two different but relevant coeruleo-frontal cortical pathways recently disentangled by Bari's group (Bari et al., 2020). Moreover, both projections from the LC to cortical regions and back-projections are fundamental, such as the connection from the prefrontal cortex to the LC for LC-activity guided attentional behavior, as recently demonstrated in a study by Kuo et al. (2020). Recent evidence indicates dynamic interplay between the amygdala and hippocampus in emotional memory-processing guided by arousal-driven LC activity (Jacobs et al., 2020), which can be compromised by LC dysfunction. Furthermore, an extensive grid of noradrenergic projections to cortical regions including the somatosensory cortex involving interrelationships with other sensory systems are relevant for perception; thus disorders of perception might be affected by modulating noradrenergic LC activity (Figure 1) (McBurney-Lin et al., 2019). Taken together, the noradrenergic LC system seems to be a modulator of various cognitive and emotional states that are susceptible to a damaged noradrenergic LC system.
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FIGURE 1. Proposed model of how psychiatric symptoms develop in prodromal dementia with Lewy bodies due to locus-coeruleus degeneration. The arrows depict the projection areas in the locus coeruleus (LC) noradrenaline system are suspected to be involved in the genesis of psychiatric symptoms as anxiety, depression, perceptual dysfunction, inattention and memory dysfunction. The indicated specific neuronal pathways for each psychopathologic category such as anxiety, depression, perceptual dysfunction, inattention and memory dysfunction are supposed to be degenerated due to early LC affection in prodromal DLB patients. AC, auditory cortex; ACC, anterior cingulate cortex; AI, anterior insula; Fusifo Gyr, fusiform gyrus; Parahippo, parahippocampal gyrus; PBN, parabrachial nucleus; PFC, prefrontal cortex; SC, somatosensory cortex; VC, visual cortex; VTA, ventral tegmental area.




PSYCHIATRIC PRODROMAL LEWY BODY DEMENTIA

Dementia with Lewy bodies (DLB) is a disorder hallmarked by a demential syndrome and underlying alpha-synucleinopathy with Lewy bodies. Several clinical core criteria must be fulfilled to diagnose DLB, ranging from symptoms of Parkinsonism, fluctuating attention and cognition, rapid eye movement (REM) sleep behavioral disorder, and visual hallucinations according to the McKeith criteria (McKeith et al., 2017). However, psychiatric symptoms such as anxiety, delusions, or hallucinations other than visual ones are considered only supporting criteria that do not yet justify a DLB diagnosis in patients not presenting core features apart from the indicative biomarker such as a nigrostriatal deficit in (123)-I-2-ß-carbomethoxy-3ß-(4-iodophenyl)-N-(3-fluoropropyl) nortropane SPECT (123I-FP-CIT SPECT). The term prodromal DLB with psychiatric features was recently coined as research criteria referring to a prodromal stage of DLB in which psychiatric symptoms predominate (McKeith et al., 2020). The assessment of DLB's typical core features can be confounded by psychiatric symptoms, thereby hindering a bradykinesia assessment or neuropsychological testing. Recent evidence suggests that the frequent detection of nigrostriatal deficit via 123I-FP-CIT SPECT as an indicative biomarker for DLB in patients presenting late-onset depression (Kazmi et al., 2020) might support the hypothesis that DLB begins as a late-onset psychiatric disorder. Diverse studies provided evidence that psychiatric symptoms such as acoustic hallucinations, delusions, and depressive symptoms at disease onset are much more often present in DLB than in AD patients in clinically diagnosed DLB and autopsy-confirmed DLB patients (Ballard et al., 1999). Furthermore, a psychiatric onset of DLB was discerned in nearly half of 234 DLB patients (Utsumi et al., 2020), thus supporting psychiatric prodromal DLB as a main clinical entity of prodromal DLB.



DEGENERATION OF THE LOCUS COERULEUS IN DEMENTIA WITH LEWY BODIES

The LC reveals degeneration and a loss of noradrenergic cells in alpha-synucleinopathies such as DLB (Iseki et al., 2001; Mori et al., 2002; Brunnström et al., 2011; Haglund et al., 2016, Table 1). The noradrenergic LC system often becomes degenerated early in both alpha-synucleinopathies such as Parkinson's disease (PD) (Solopchuk et al., 2018; Li et al., 2019), and ß-amyloidopathies like Alzheimer's disease (AD) (Zarow et al., 2003; Hou et al., 2021). Both diseases are closely related to Lewy body pathology, as mixed pathologies can coexist in patients with cognitive impairment (Coughlin et al., 2020). Lewy body dementia includes the terms PD dementia and DLB (Haider et al., 2020). Although our review focusses on prodromal DLB, it is important to report on insights into LC degeneration in PD patients with cognitive impairment, as the diseases are sometimes difficult to distinguish. For example, the exact time at which motor or cognitive symptoms begin is often unclear. The pathomechanism might be similar in both alpha-synucleinopathies at an early stage in terms of the amount, type, and spread of Lewy bodies within the LC region. Via neuromelanin-sensitive MRI, a recent study (Li et al., 2019) showed that the LC's contrast-to-noise ratio in 23 PD patients with mild cognitive impairment was lower than in control subjects. They observed a negative relationship between reduced contrast to the LC and measures of executive dysfunction in these patients (Li et al., 2019) implying an early contribution by the LC– noradrenaline system to symptomatology in PD patients. Another interesting study (Solopchuk et al., 2018) in patients with PD assessed how specific symptoms were associated with LC and subtantia nigra (SN) degeneration. They found a correlation between the LC's neuromelanin-imaging values and depression (Solopchuk et al., 2018). Taking a similar approach would thus be optimal to disentangle depressive symptoms in patients with prodromal LBD to probe for the relationship between early affective symptoms in DLB and LC dysfunction. A recent study (Fischer et al., 2021) investigated the neurodegeneration within the LC and SN and correlation between the observed degeneration in these nuclei and the occurrence of psychiatric symptoms such as anxiety, depression, and psychosis. Surprisingly, they found no association in PD patients between the aforementioned symptoms and neuronal loss and gliosis in the LC, but in the SN. This investigation points toward a major role played by the SN in the development of psychopathology in PD patients. However, this psychopathological development might differ between PD patients presenting neuronal degeneration in the SN and prodromal DLB patients. Possible reasons for that are that (i) the LC is already affected early in DLB patients, and (ii) psychopathological symptoms might occur due to noradrenergic LC dysfunction.


Table 1. Studies involving degeneration of locus coeruleus—noradrenaline system in patients with dementia with Lewy bodies.
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To our knowledge, no working group is currently addressing this issue. The degeneration in prodromal DLB starts early in the LC, and precedes the neurodegeneration within the SN (Del Tredici et al., 2002). This is why non-motoric features may predominate in DLB's prodromal stage. Furthermore, an animal model (Bjerkén et al., 2019) demonstrated that the early degeneration of LC neurons might exacerbate the dopaminergic neuronal loss in the SN and impair its functionality as depicted by striatal dopamine release. In other words, the LC degeneration in DLB might pave the way for later SN degeneration along with worsening psychopathology related to dopaminergic dysfunction. Hypocretin-neuronal loss in the LC in addition to noradrenergic cells also are part of this degeneration (Kasanuki et al., 2014), having potential consequences for sleep dysfunction by impairing arousal function. However, there have been no investigations to date addressing neurodegeneration in prodromal DLB. It would also be worth knowing how LC degeneration in prodromal DLB relates to neuroinflammation, which seems to have an impact on LC degeneration in alpha-synucleinopathies [as recently reviewed by Giorgi et al. (2020) and shown in animal models (Wang et al., 2020)].



NORADRENERGIC MECHANISMS INDUCING PSYCHIATRIC SYMPTOMS IN PRODROMAL DEMENTIA WITH LEWY BODIES

The loss of noradrenergic cells in the LC may lead to alterations in noradrenaline and its derivatives, thus impairing various brain functions. A main metabolite of noradrenaline called 3-methoxy-4-hydroxyphenylglycol (MHPG) was demonstrated to be higher in DLB than AD patients in cerebrospinal fluid, whereas peripheral blood level of MHPG was decreased in DLB compared to AD patients (Janssens et al., 2018). These findings suggest substantial alterations in noradrenaline and its metabolites especially in DLB patients, probably due to LC degeneration. We thus speculate that altered noradrenergic transmission in LC projection regions and LC terminals due to LC degeneration could affect psychiatric symptomatology in prodromal DLB with predominant non-motoric features (Figure 1 for an overview of noradrenergic LC function in relation to neurodegeneration due to DLB). Many animal studies employing diverse methodologies proved that anxiety is dependent on the noradrenergic LC-amygdala (McCall et al., 2015, 2017; Llorca-Torralba et al., 2019), the LC-parabrachial nucleus (PBN) (Yang et al., 2021) and the orexinergic LC-thalamus circuits (Heydendael et al., 2014). In addition, the damage to noradrenergic LC cells resulted in increased anxiety in addition to defective social capacities (Song et al., 2019) as well as depressive behavior (Itoi et al., 2011) in rodents. These studies suggest that LC degeneration entailing noradrenergic cell loss might enable anxiety in humans, although strong evidence from DLB patients and LC affection is lacking. For anxiety generation, an LC-amygdala and thalamus circuit is proposed in our model (Figure 1).

Concerning depressive symptoms, there is evidence that patients with depression reveal a reduced LC neuromelanin contrast signal (Shibata et al., 2007), indicative of LC degeneration. We know that mainly dopaminergic neuronal loss in the ventral tegmental area (VTA), but not LC is diagnosed in patients presenting symptoms of late-onset depression, and in post-mortem evidence of Lewy bodies (Wilson et al., 2013). These findings were recently corroborated by the fact that 24% of patients suffering from late-onset depression exhibited a nigrostriatal dopaminergic deficit in 123I-Ioflupane SPECT (Kazmi et al., 2020). However, the VTA is not the only source of dopamine, as it can also be released from LC terminals in the hippocampus (Kempadoo et al., 2016) and prefrontal cortex (Devoto et al., 2020) indicating that a neuronal LC loss could entail impaired dopamine release as a possible consequence. Depression due to LC degeneration might be thereby explained. Prodromal LBD patients often suffer delusions in addition to depressive symptoms. The development of depressive symptoms is probably associated with decreased LC activity mediated (1) by the LC amygdala pathway and (2) the interconnection between the VTA and LC and (3) the anterior cingulate cortex and fusiform gyrus (Del Cerro et al., 2020) (Figure 1). The development of delusions might be generated by combined abnormal degenerated noradrenergic structures resulting in altered dopaminergic neurotransmission, as the dopamine hypothesis is one theory explaining the induction of psychosis (Meltzer and Stahl, 1976). Concurring with this assumption, Wolters (2001) hypothesized further that the fluctuating decrease in noradrenergic LC activity combined with degenerated dopaminergic neurons in the SN in alpha-synucleinopathies might result in psychotic symptoms (Figure 1). In addition, the perception of salient stimuli is guided by LC activation, thus the generation of misperception as a possible psychotic symptom might be influenced by altered LC activity caused by degeneration in addition to the stimuli perception interacting and modulating with the LC's cortical projecting areas (Figure 1). Furthermore, attention deficits caused by impaired noradrenergic transmission in coeruleo-frontal pathways is a potential additional factor triggering visual hallucinations (Figure 1), similar to the phenomenon of visual hallucinations in DLB patients presenting frontal, basal ganglia and insula atrophy measured via voxel-based morphometry, and attention deficits, as Pezzoli recently proposed (Pezzoli et al., 2019). Understanding how the LC-noradrenaline system works in conjunction with the genesis of sensory, visual or auditory experiences is relevant for the genesis of tactile, visual, or acoustic hallucinations in prodromal DLB patients. The LC can activate “silent” neurons after processing sensory stimuli called sensory gating (Devilbiss and Waterhouse, 2004)—important for processing novel sensory stimuli, whose function can be lost through LC degeneration in DLB. In addition, the LC's noradrenaline system enables the modulation of task-specific sensory signals within the somatosensory cortex (for review see Waterhouse and Navarra, 2019) that is potentially affected by noradrenergic degeneration, leading to dysfunctional perception. Noradrenergic LC projections lead to an inhibition of neuronal responses in the visual cortex (McLean and Waterhouse, 1994; Stowell et al., 2019) and in the auditory cortex (Salgado et al., 2012). In particular, finely tuned synaptic responses in the auditory cortex in the rat depended on the LC's firing mode determined by the arousal level (Shinba et al., 2000). The LC system's modulation enabling these specific inhibitory connections to the auditory and visual cortices might be absent in DLB patients' degenerated LC (Figure 1). The abnormal perceptions of DLB patients might be due to the cortical hyperexcitability observed in human visual and auditory cortices when abnormal perception is present (Spencer et al., 2009; Braithwaite et al., 2013, 2015). To summarize: these findings above suggest that in humans, degeneration of the LC noradrenaline system in prodromal DLB patients might induce neuronal hyperexcitability in the visual and auditory cortices due to reduced inhibition via LC projections (Figure 1). Another aspect to be aware of is that the LC noradrenaline system is believed to optimize neural gain (Aston-Jones and Cohen, 2005)—assessable by measuring the diameter of pupil dilation in humans. Impaired noradrenergic transmission caused by LC degeneration in prodromal DLB patients might explain the reduced neural gain in these patients. Noradrenergic dysfunction might in turn result in sensory-prediction errors triggering the inability to reduce incoming stimuli due to their prior predictions, and finally the incapacity to put the sensory experience in a context, a condition already incorporated in the “disconnection hypothesis” in the development of schizophrenic symptoms (Friston et al., 2016). Compromised LC function in prodromal DLB patients thus seems to be responsible for the genesis of their delusional perception and hallucinations (Figure 1). Another characteristic of DLB patients is fluctuating attentional dysfunction, which might result from impaired noradrenergic transmission within the coerulo-frontal pathway (Figure 1). Moreover, noradrenaline helps to ensure the function of selective attention (Dahl et al., 2020). The crosstalk between the frontoparietal and salience network comprising structures such as the anterior cingulated cortex and anterior insula are important for LC-driven attentional control (Lee et al., 2020). Therefore, a dysfunctional LC system might explain the dysfunctional attention control in prodromal DLB patients, as LC projections to the frontal and anterior cingulated cortices, as well as the anterior insula might receive less activation due to neuronal LC loss (Figure 1).

There is another prodromal DLB subtype besides psychiatric prodromal DLB that is characterized by mild cognitive impairment (McKeith et al., 2020). Episodic memory dysfunction exists in DLB, and might be related to the spread of alpha synuclein pathology in hippocampal subfields CA2/3 (Coughlin et al., 2020) as relevant structures for memory formation. Furthermore, Coughlin et al. (2020) demonstrated that hippocampal tau protein within the hippocampus subregion CA2/3 correlated negatively with memory function in patients with LBD. Given the LC's pivotal role in memory processing at various memory stages (Sara, 2015; Hansen, 2017) as shown in animal models (Hansen and Manahan-Vaughan, 2015a,b) and humans (Jacobs et al., 2015, 2020) it is likely that LC degeneration with its LC terminals affect hippocampal memory-processing in prodromal DLB patients. There is evidence from neuroimaging studies in AD patients that LC degeneration affects functional connectivity between memory-relevant structures such as the parahippocampus and the LC (Jacobs et al., 2015) leading to memory dysfunction. It is hypothesized that memory functions are impaired in patients with AD due to LC degeneration entailing consecutive dysfunction of cellular correlates of long-term memory formation (James et al., 2020). Animal models have revealed the LC's relevant role in hippocampal long-term plasticity in different hippocampal subregions such as the dentate gyrus and CA1 region (Lemon et al., 2009; Hansen and Manahan-Vaughan, 2015a,b). Interaction between the frontal cortex and hippocampus is essential for memory formation (Eichenbaum, 2017). As the LC projects to both regions with afferent fibers (Schwarz and Luo, 2015), it is tempting to postulate that LC degeneration might affect both neuronal pathways concurrently, thus leading to memory dysfunction in prodromal DLB patients (Figure 1).

Taken together, a hypothesis is provided for LC involvement in generating psychiatric symptoms such as depression, anxiety, and psychosis including delusions and hallucinations (Figure 1) that may characterize psychiatric-onset prodromal DLB. Future research should aim to determine established and novel genetic, molecular, and imaging biomarkers associated with the dopaminergic and especially the noradrenergic LC system and their interplay in prodromal DLB patients, thereby optimizing diagnostics and specific treatment for such patients.



SYNOPSIS

Taken together, the LC noradrenaline system is a promising nucleus that should be targeted in future neuroimaging studies in prodromal DLB patients. Furthermore, investigations focusing on noradrenaline biomarkers in blood and cerebrospinal fluid should guide researchers to discover the relationship between the noradrenergic system's in vivo biomarkers and the psychopathology of prodromal DLB patients. Taking this approach, we believe it will be possible to optimize diagnostic tools for detecting prodromal DLB.



PERSPECTIVE

Considered together, we provide a framework for the postulated relationship between early-appearing psychopathology and LC dysfunction due to Lewy body pathology in prodromal DLB patients. Future research should address the potential relationship between psychopathology and LC degeneration along with LC dysfunction in prodromal DLB patients. In vivo neuromelanin-sensitive imaging of the LC seems to be an adequate tool for this purpose, as it is known to be sensitive in neurodegenerative diseases such as PD or AD (Betts et al., 2019). In addition, studies addressing functional connectivity via fMRI would be of merit in prodromal DLB patients to assess the LC system's functionality with its various connections relevant for LC function in prodromal DLB patients. LC neuroimaging is sensitive enough to depict the LC's integrity, as Hämmerer et al. (2018) showed in elderly subjects—a method that might also apply in prodromal DLB patients. Via in vivo LC imaging, it would be possible to stratify patients such as prodromal DLB patients in clinical trials according to their noradrenergic dysfunction. Furthermore, we want to apply monoaminergic and molecular biomarkers to assess LC system degeneration that might be linked to neuropsychiatric symptoms in prodromal DLB [as is evident in patients with AD (Jacobs et al., 2019)]. Noradrenaline-enhancing drugs such as noradrenaline reuptake inhibitors could be used in further trials to demonstrate the role and extent of LC system involvement in prodromal LBD patients. More investigation is warranted to explore the usefulness of noradrenergic transmission-enhancing drugs as a therapeutic target in prodromal DLB, as discussed recently (Vermeiren and De Deyn, 2017). Keeping in mind that LC degeneration even precedes SN degeneration and could worsen dopaminergic SN degeneration, it would seem worthwhile to administer noradrenaline-reuptake inhibitors to prevent further brain damage in prodromal DLB. Noradrenaline-enhancing treatment should be investigated in future studies with large cohorts of prodromal DLB patients. The stratification of prodromal DLB patients via LC imaging would help us identify suitable patients for such a treatment regimen that could be implemented later, after large-scale studies have delivered evidence on its safety, tolerability, and efficacy in novel treatment guidelines.
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