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Editorial on the Research Topic 


Non-Dopaminergic Systems in Parkinson’s Disease


This collection presents an array of articles addressing the non-dopaminergic mechanisms in Parkinson’s disease (PD). The dopaminergic system has been the main focus for almost 70 years and dopaminergic-based strategies still remain the best symptomatic medication to improve quality of life of parkinsonian patients. However, the interest in non-dopaminergic systems, even beyond neurotransmission itself, has grown with the accumulation of data showing that PD cannot be considered as a pure motor disease and understood only through the prism of the nigrostriatal dopaminergic pathway deficiency. Indeed, the disease progresses through different stages and damages to other areas and neurochemical systems precede the degeneration of dopaminergic neurons in the substantia nigra compacta (SNc). The other affected systems participate in the so-called prodromal or pre-symptomatic phases and contribute to the malfunctioning of the motor and non-motor circuits. Meanwhile, the non-motor symptoms are increasingly recognized in PD. They severely alter the quality of life of the patients since they are often more debilitating than the motor ones and poorly respond to dopaminergic-based therapies. Finally, the studies addressing the mechanisms of action of antiparkinsonian drugs have revealed that their benefits/side effects involved mechanisms other than the dopaminergic ones.

Among the classical non-dopaminergic systems involved in PD, Paredes-Rodriguez et al. review the situation of the noradrenergic system in PD. The noradrenergic system issued from the locus coeruleus can display severe damages in the disease, presumably before the dopaminergic neurons according to the hypothesis that the disease progresses from the caudal to the rostral parts of the brainstem. In fact, the authors recall that the noradrenergic system exerts anti-inflammatory and neuroprotective effect on the dopaminergic degeneration, and noradrenergic damage can consequently favor the progress of the disease. Even though the noradrenergic system participates in the mechanism of action of L-DOPA, this interaction is still unclear and needs further investigation. Mallet et al. review another classical non-dopaminergic neurotransmitter that has been considered in PD even before dopamine, namely acetylcholine. The authors focus their analysis on the striatal cholinergic interneurons, which display specific electrophysiological features but are still difficult to apprehend due to their sparse distribution. Based on recent literature, the authors report the advantages of using optogenetic approaches possibly combined with computational studies to investigate the role of cholinergic interneurons in the physiology and pathophysiology of motor behavior and cognition. On the other hand, the serotonergic system is one of the most studied non-dopaminergic neurotransmitter systems during the last decade in view of the demonstration of its primary participation in dyskinesia induced by L-DOPA. Schintu et al. rendered hemiparkinsonian inbred depression-like flinders sensitive line (FSL) rats and studied their motor responses to chronic L-DOPA. In contrast to control animals, the hemiparkinsonian FSL rats did not display sensitization in the turning response to apomorphine or L-DOPA and only a weak increase in dyskinesia. The marked differences in L-DOPA-induced dyskinesia were not associated with modification of the striatal expression of deltaFosB, a supposed marker of this side effect.

The imbalance of neurotransmitters in the brain is multiple in part due to degenerative processes away from the SNc. Chambers et al. recall that some neurons in the pedunculopontine nucleus, a complex structure housing GABAergic, glutamatergic, and cholinergic neurons, degenerate in PD. The neuronal degenerative process in the pedunculopontine nucleus likely participates in motor disability, notably gait control, and in non-motor symptoms including sleep deficits, likely due to the innervation of brain regions different from the SNc. Murueta-Goyena et al. cover the non-motor symptoms in PD and the GABAergic system alterations. They recall the participation of GABAergic mechanisms in various pre-symptomatic disturbances including olfactory loss, gastrointestinal abnormalities, visual alterations, cognitive and mood disorders, and make a special emphasis on rapid eye movement sleep behavior disorder. In this line, Meideiros et al. describe how neurotoxic and genetic manipulations of rodents have been utilized to reproduce some of the major sleep disturbances associated with PD. They further discuss how these abnormalities can be linked to noradrenaline, serotonin, and orexin transmission. Several neurotransmitter imbalances operate during the disease and may participate in the complexity and heterogeneity of the neuropsychiatric symptoms exhibited by PD patients. Dujardin and Sgambato propose a thorough examination of the neuropsychiatric symptoms, including depression, anxiety, apathy, psychosis, and impulse control disorders, their prevalence and pathophysiology. The authors deepened their analysis by looking at the relative contribution of the neurotransmitter systems dopamine, noradrenaline, serotonin, acetylcholine, GABA, and glutamate in each of the above-mentioned neuropsychiatric symptoms in both PD patients and animal models.

Beyond the neurotransmitter systems, there are some opportunities to develop treatments on specific targets, as the orphan receptors GPR88 and GPR143. Ingallinesi et al. focused on GPR88, almost exclusively expressed by the medium spiny GABAergic neurons of the striatum. They used a lentiviral-mediated knock-down approach of the receptor in the 6-hydroxydopamine neurotoxic rat model of PD and reported reduced amphetamine- but increased L-DOPA-induced turning behavior. These behavioral effects were paralleled by a normalization of some striatal tissue markers such as GAD67 expression, although the striatal expression of deltaFosB did not parallel L-DOPA-induced dyskinesia. Yoshio et al. also recall the interest of another orphan receptor, the GPR143. This receptor has been proposed as the target of L-DOPA, which would be its endogenous ligand at least in the retina. The authors review the possible contribution of GPR143 in PD with a special emphasis on its colocalization with the protein α-synuclein in Lewy bodies.

The availability of new animal models conditions the progress of research in the involvement of different neurotransmitters in the motor and non-motor symptoms of the disease. Gomez-Benito et al. discuss and provide detailed comparative analysis of two models based on α-synuclein: the α-synuclein pre-formed fibril model and the recombinant adeno-associated virus vector-mediated α-Synuclein overexpression models. The multiplicity and development of novel models are necessary for progressing in the understanding of the disease and help to decipher specific mechanisms. In any case, far beyond the consideration of dopaminergic neurons of the SNc, PD is a multifactorial disease evolving before the onset of motor symptoms.
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l-3,4-Dihydroxyphenylalanine (L-DOPA) is the most effective therapeutic agent for Parkinson’s disease (PD). L-DOPA is traditionally believed to be an inert amino acid that exerts actions and effectiveness in PD through its conversion to dopamine. In contrast to this generally accepted idea, L-DOPA is proposed to be a neurotransmitter. Recently, GPR143 (OA1), the gene product of ocular albinism 1 was identified as a receptor candidate for L-DOPA. GPR143 is widely expressed in the central and peripheral nervous system. GPR143 immunoreactivity was colocalized with phosphorylated α-synuclein in Lewy bodies in PD brains. GPR143 may contribute to the therapeutic effectiveness of L-DOPA and might be related to pathogenesis of PD.
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Introduction

Parkinson’s disease (PD) results primarily from the degeneration of dopaminergic neurons in the substantia nigra. l-3,4-Dihydroxyphenylalanine (L-DOPA), a precursor of dopamine (DA), replenishes disease-related lower levels of DA by conversion of L-DOPA to DA in the brain by aromatic l-amino acid decarboxylase (AADC) and alleviates motor symptoms of PD. L-DOPA is mainly synthesized from tyrosine by tyrosine hydroxylase (TH), the rate-limiting enzyme for catecholamine synthesis. Synthetic DA agonists have been included in the treatment of PD for several decades, but L-DOPA is still the most effective therapeutic agent and widely considered the gold standard in PD treatment. However, L-DOPA therapy is associated with adverse effects, such as dyskinesias and impulse control disorders, the underlying mechanisms of which are largely unknown (Ahlskog, 2011; Gottwald and Aminoff, 2011; Rascol et al., 2011; Xie et al., 2015; Ivanova and Loonen, 2016; Voon et al., 2017).

In 1986, we first proposed that L-DOPA itself act a neurotransmitter. L-DOPA is released upon neuronal excitation, and L-DOPA exerts biological activity even with inhibition of AADC to prevent DA formation (Goshima et al., 2014). Most of these responses are antagonized by L-DOPA esters, compounds structurally related to L-DOPA. Recently, GPR143, a G protein–coupled receptor (GPCR), the gene product of ocular albinism 1 (OA1) (Schiaffino et al., 1999), was reported to have binding activities for L-DOPA (Lopez et al., 2008). GPR143 was distributed in the central and peripheral nervous system and was further confirmed to play a role as an L-DOPA receptor in vivo (Hiroshima et al., 2014; Masukawa et al., 2014; Fukuda et al., 2015; Masukawa et al., 2017). GPR143 was also found to be localized in Lewy bodies, the histological hallmark of PD (Goshima et al., 2018). In this review, we revisit L-DOPA therapy and PD pathogenesis in light of L-DOPA action as a neurotransmitter.




Evidence for L-DOPA as a Neurotransmitter

L-DOPA has been believed to reside exclusively in the cytoplasm of catecholaminergic neurons only as a precursor of the neurotransmitter DA. Contrary to this generally accepted idea, we found that nerve stimulation elicited the release of L-DOPA in vitro and in vivo experiments (Goshima et al., 1988; Nakamura et al., 1992). The release was dependent on the extracellular Ca2+ and sensitive to tetrodotoxin, a voltage-dependent Na+-channel blocker. The L-DOPA release was suppressed by inhibitors of P-type voltage-sensitive Ca2+ channels and of synaptobrevin (Zhu et al., 2004). These findings together suggest that L-DOPA is released via exocytosis (Misu and Goshima, 1993). By using specific antibodies, TH- and L-DOPA–positive but AADC- and DA-negative neurons were shown in some brain areas including the nucleus tractus solitarii (NTS), hypothalamic arcuate nucleus, and magnocellular neurosecretory system (Mons et al., 1988; Misu et al., 1996). Ultrastructurally, L-DOPA–positive signals were localized in the terminals with vesicle-like structures in the lateral habenular nucleus of the house-shrew brain (Karasawa et al., 1992). It is possible that L-DOPA release may arise from L-DOPA–containing vesicles, although vesicular L-DOPA transporter(s), if it exists, have not yet been identified. In addition, exogenous application of L-DOPA produced pharmacological actions in the presence of AADC inhibitor. L-DOPA facilitated the impulse-evoked noradrenaline (NA) release from superfused rat hypothalamic slices (Goshima et al., 1986; Goshima et al., 1991b). Structure–activity relationship study of DOPA-related compounds revealed that D-DOPA, the D-isomer of L-DOPA, did not mimic the effect of L-DOPA. In addition, L-DOPA methyl ester (L-DOPA ME) antagonized the action of L-DOPA in a competitive fashion. Thus, the L-DOPA recognition site(s) has high receptor-like specificity, being stereoselective and requiring specific structural features including the catechol moiety in addition to amino and carboxy groups. These findings support the existence of specific molecular recognition site(s) or receptor(s) for L-DOPA.

Previous reports suggested a role of L-DOPA as a neuromodulator in the regulation of motor function. Certain L-DOPA actions were observed only in PD model but not in normal control animals (Ueda et al., 1995a; Ueda et al., 1995b). Using in vivo microdialysis, L-DOPA decreased acetylcholine (ACh) from the striatum of rats lesioned with 6-hydroxydopamine (6-OHDA), but not from that of sham-operated rats. The L-DOPA–induced decrease was not affected by sulpiride, a D2/D3 antagonist. These findings suggest that L-DOPA by itself regulates the release of ACh. In addition, L-DOPA–sensitive mechanisms were supersensitized in the PD model (Ueda et al., 1995b). A similar supersensitization to L-DOPA was also observed in quinpirole-induced locomotor activity. In normal rats, a highest dose of quinpirole, a D2/D3 agonist, slightly increased the total accounts of locomotor activities. Concomitant treatment with noneffective dose of L-DOPA (30 mg/kg) potentiated hyperlocomotion induced by quinpirole. In 6-OHDA rats, a noneffective lower dose of L-DOPA (10 mg/kg) potentiated quinpirole-induced locomotor activities (Nakamura et al., 1994).

L-DOPA probably plays a role as a neurotransmitter of the primary baroreceptor afferents in the lower brain stem. A prominent effect of L-DOPA is its depressor and bradycardic actions when microinjected into the NTS of anesthetized rats (Kubo et al., 1992; Yue et al., 1994; Misu et al., 1996; Goshima et al., 2014). Phenylephrine-induced hypertension triggered L-DOPA release in the NTS and reflex bradycardia temporally associated with the rise and recovery of blood pressure. The L-DOPA release and bradycardia were abolished by denervation of bilateral carotid sinus and aortic nerves, which contained the baroreceptor afferents. Electrical stimulation of aortic nerve released L-DOPA and induced depressor and bradycardic responses, and these responses were antagonized by bilateral injection of L-DOPA ME into the NTS (Yue et al., 1994). The depressor response induced by L-DOPA might possibly be related to orthostatic hypotension, which is often encountered in PD patients on L-DOPA therapy (Connolly and Lang, 2014; De Pablo-Fernandez et al., 2017).




Receptor Candidates Targetted by L-DOPA: Their Localization and Pharmacology in Normal Conditions

These findings together suggest that there is one or more specific receptors for L-DOPA. L-DOPA did not interact with cognate monoamine receptors (Goshima et al., 1991b; Misu et al., 1996). On the other hand, L-DOPA inhibited specific binding of [3H]-AMPA in the brain membrane preparations, and L-DOPA induced current response in Xenopus laevis oocytes expressing AMPA receptors (Miyamae et al., 1999). However, L-DOPA interacted with AMPA receptors with a low affinity (ED50 of 2.2 mM). In addition, DOPA ME and L-DOPA cyclohexyl ester (CHE), L-DOPA antagonists, did not interact with AMPA receptors (Miyamae et al., 1999). These findings suggest that the L-DOPA CHE-sensitive actions of L-DOPA are mediated through recognition sites other than monoamine receptors and AMPA receptors. A clue to the identification of L-DOPA receptors involved genetic analysis of oa1, the gene responsible for ocular albinism type 1 (Schiaffino et al., 1999). The gene product of oa1 referred to as GPR143 is critically involved in organogenesis of the melanosomes. Based on sequence similarities, the protein could not be assigned to any GPCR subfamily. Although binding activities of both DA and L-DOPA to GPR143 were detected, only L-DOPA induced intracellular Ca2+ response in cell lines expressing GPR143 (Lopez et al., 2008; Hiroshima et al., 2014). Dopamine also interacted with GPR143 with Ki of 2.4 µM, a comparable value to that for L-DOPA, but produced no functional response on intracellular Ca2+ levels in GPR143-expressing CHO cells. Dopamine may therefore act as an antagonist or inverse agonist against GPR143, which is consistent with the structural features and the homology model for GPR143 (Ghosh et al., 2012). These findings indicate that L-DOPA may be an endogenous ligand for GPR143. The role of GPR143 in mediating the L-DOPA response was then examined in the NTS of anesthetized rats. The shRNA knockdown of GPR143 in the NTS abolished or attenuated the depressor response to L-DOPA but not to glutamate microinjected into the NTS. L-DOPA CHE also suppressed the L-DOPA response and displaced the specific binding of [3H]-L-DOPA in CHO cells expressing GPR143. These findings suggest that GPR143 is involved in mediating the L-DOPA actions in the NTS (Hiroshima et al., 2014).

GPR143 is highly expressed in the retinal pigment epithelial cells (Schiaffino et al., 1999), and most studies have been conducted to delineate roles of GPR143 in melanogenesis (Schiaffino, 2010; De Filippo et al., 2017). Using specific antibodies against GPR143 and GPR143-KO mice, we investigated tissue distribution of GPR143. GPR143 immunoreactive cells were localized in the hippocampus, cerebral cortex, striatum, substantia nigra, hypothalamic median eminence and suprachiasmatic nucleus, NTS, and caudal ventrolateral medulla and olfactory bulb (Masukawa et al., 2014). A similar distribution pattern was confirmed in wild-type (Wt) mouse brains (Fukuda et al., 2015). Of note, GPR143 signals were observed in areas involving both hippocampal and cortical circuits as well as in basal ganglia and hypothalamic and brainstem neural networks. In line with GPR143 expression pattern, several observations reported an effect of L-DOPA in enhancing performances in executive verbal tasks and visuospatial working memory (Kulisevsky et al., 1996; Costa et al., 2003; Poletti and Bonuccelli, 2013), as well as in increasing secretion of growth hormone or cortisol (Biermasz et al., 2005; Muller et al., 2011; Marakaki et al., 2015), both of which being regulated by neurosecretory hypothalamic nuclei.

The downstream signaling pathways triggered by L-DOPA through GPR143 in vivo remain unknown (Schiaffino, 2010). Biochemical and morphological analysis suggest that Gai3, Go, and Gq are potential G protein partners for GPR143. Among them, Gai3 was shown to coprecipitate and colocalize with GPR143 (Young et al., 2008). In addition, the retinal pigment epithelial cells of Gai3-deficient mice contained fewer and larger melanosomes, and analysis of the optic pathways revealed a significant reduction of ipsilateral retinofugal projections, both of which were similar to the phenotypes of Oa1/Gpr143-deficient mice (Young et al., 2008). Although overall picture is far from understood (Schiaffino, 2010), it is likely that Gai3 plays a role at least in melanosome biogenesis and in the development of the optic tract.

There is additional evidence for the role of GPR143 as an L-DOPA receptor in the peripheral cardiovascular system (Masukawa et al., 2017). Phenotypic analysis of Gpr143 gene-deficient (GPR143-KO) revealed that the pressor response to phenylephrine, an agonist of a1-adrenoceptors (α1ARs), was attenuated in GPR143-KO compared to that in Wt mice. The pressor response to vasopressin was not altered in GPR143-KO mice. In isolated GPR143-KO peripheral arteries, phenylephrine-induced contraction was reduced, indicating that GPR143 expressed in vascular smooth muscle cells could regulate α1ARs -mediated arterial contraction. In GPR143-KO smooth muscle cells, phenylephrine-induced phosphorylation of myosin light chain 2 (MLC2) and ERK phosphorylation were attenuated compared to Wt smooth muscle cells. MLC2 and ERK phosphorylation are causally related to phenylephrine-induced contraction, an effect involving GPR143. Pretreatment with L-DOPA at low nanomolar concentrations augmented the vasoconstricting effect of phenylephrine in isolated arteries from Wt but not GPR143-KO mice. Consistently, exogenously applied L-DOPA at 1 to 10 nM augmented the contractile and intracellular Ca2+ responses to phenylephrine in smooth muscle cells. The binding affinity of phenylephrine against the specific binding of [3H]-prazosin, an α1ARs antagonist, was higher in HEK293 cells coexpressing both α1BAR-Myc and GPR143-EGFP than in cells coexpressing α1BAR-Myc and free-EGFP. Immunoprecipitation assay also revealed that the interaction between GPR143 and α1BAR was enhanced by L-DOPA. Importantly, the enhancement was observed at a concentration comparable to those of plasma L-DOPA (10–20 nM) (Chritton et al., 1997; Goldstein et al., 2003; Masukawa et al., 2017). GPR143, when functionally coupled with α1BAR, may have significantly more affinity for L-DOPA than when not forming heteromers with α1BAR (Masukawa et al., 2017). Förster resonance energy transfer signal was detected in live HEK293 cells expressing α1BAR-Venus and GPR143-CFP, but not in those expressing vasopressin receptor AVPR1A -CFP and GPR143-Venus (Masukawa et al., 2017). The direct interaction between GPR143 and α1BAR was demonstrated in Wt tissue by in situ proximity ligation assay. Furthermore, the stress-induced pressor response and the rise in blood pressure in active phase in GPR143-KO were blunted when compared to Wt mice. Together, these findings indicate that L-DOPA sensitizes contractile response to sympathetic outflow through coupling of GPR143 with αARs in vascular smooth muscle cells (Masukawa et al., 2017; Figure 1) and further suggest the physiological relevance of GPR143 as an L-DOPA receptor.
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Figure 1 | Proposed model of GPR143 and α1BAR heteromers (modified from Maurice et al., 2011). 




Recent findings indicate that the interaction between distinct GPCRs, forming hetero-oligomers, can affect affinity for agonists, the performance, and range through which extracellular signals are transmitted to G protein molecules (Ferre et al., 2014; Ferre, 2015; Farran, 2017). The functional interaction of hetero-oligomer GPCRs was observed for DA D1–D3 heterodimer receptors. D1–D3 receptor heterodimer had greater affinity for DA than did DA1 monomeric receptors without DA3 receptors (Fiorentini et al., 2008). Coupling between GPR143 and α1BAR could also occur in the central nervous system, because α1BAR was present in the nucleus accumbens and colocalized with dopamine D1 receptor (Mitrano et al., 2018). These finding suggest that some of the L-DOPA actions may be mediated through possible functional coupling between these GPCRs: D1, α1BAR and GPR143. L-DOPA itself did not interact with adrenergic α-, β-, D1, and D2 receptors (Goshima et al., 1991b). However, L-DOPA actions that were suppressed by antagonists for these receptors have been reported. For example, prazosin attenuated L-DOPA–induced hyperactivity without affecting its anti-PD actions or dyskinesia in 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)–lesioned macaques (Visanji et al., 2009). L-DOPA produced propranolol (nonselective β-adrenoceptor antagonist)–facilitatory action on the NA release from brain slices (Goshima et al., 1986). Propranolol attenuated L-DOPA–induced efflux of DA from the 6-OHDA–lesioned striatum and reduced L-DOPA–induced dyskinesia (Bhide et al., 2015).

Although GPR143 is the most plausible L-DOPA receptor candidate, we found that L-DOPA induced ptosis in GPR143-KO as well as Wt mice pretreated with a central AADC inhibitor (Ueda et al., 2016). Ptosis sometimes associates with short- or long-term L-DOPA treatment (Giladi et al., 1992). These findings raise the possibility that L-DOPA induces actions through both GPR143-dependent and GPR143-independent mechanisms as well as its conversion to DA.




Pathophysiological Significance of L-DOPA/GPR143 Interaction in PD

Parkinson’s disease is characterized by neuronal loss of dopaminergic neurons, and enzymatic activities of TH and AADC decreased during the progression of the pathology (Lloyd et al., 1975; Nagatsu and Nagatsu, 2016). As mentioned, l-DOPA can induce orthostatic hypotension in the treatment of PD (Connolly and Lang, 2014; De Pablo-Fernandez et al., 2017). Thus, the reduction of TH levels and its subsequent decrease in the synthesis and release of endogenous l-DOPA may contribute to autonomic dysfunctions observed in PD (De Pablo-Fernandez et al., 2017). The possible reduction in endogenous levels of l-DOPA might be related to supersensitization of responses to l-DOPA or DA agonists in PD or experimental PD models (Ueda et al., 1995a; Shimamura et al., 2006; Bhide et al., 2015). On the other hand, long-term l-DOPA treatment could induce down-regulation or desensitization of the receptor(s) for l-DOPA. Thus, changes in GPR143 properties (expression, sensitization) may also arise in PD patients together with the progression of the pathology, which may account for the development of the side effects or loss of efficacy of l-DOPA.

The decrease in the AADC activity may also affect the pharmacological actions of l-DOPA. For example, in intact rat brain slices, l-DOPA increased the release of DA at 0.1 µM but produced no effect at 1 µM. In the presence of an AADC inhibitor, l-DOPA (1 µM) inhibited the release of DA (Goshima et al., 1986). Likewise, l-DOPA at 30 nM increased the DA release from intact slices, but decreased the release from the slices of MPTP-treated mice (Goshima et al., 1991a). These results imply that the action of l-DOPA can become predominant over the action of DA during the progression of PD. Another example is the ability of L-DOPA but not DA to induce the release of glutamate from the striatum (Goshima et al., 1993). The respective inhibitory and facilitatory effects of L-DOPA on the release of DA and glutamate seen under the decreased AADC activities (Goshima et al., 1986; Goshima et al., 1993) may be relevant to some adverse effects such as the decreased therapeutic efficacy, dyskinesia, or “on-off” encountered during long-term therapy (Marsden, 1994). The decreased AADC activities may further tip the balance in favor of the L-DOPA actions, because DA may act as an agonist or inverse agonist against GPR143 (Lopez et al., 2008).

Previous clinical data have suggested that L-DOPA either slows the progression of PD or has a prolonged effect on PD symptoms (Fahn et al., 2004). In contrast, a recent trial concluded that treatment with L-DOPA had no disease-modifying effect, either beneficial or detrimental, on early PD among patients who were evaluated over the course of 80 weeks (Verschuur et al., 2019). L-DOPA, DA, and related compounds have the potential to be cytotoxic, since free radical and quinone metabolites of L-DOPA were shown to be toxic in vitro and in vivo (Graham et al., 1978; Cohen, 1987; Smith et al., 1994). Our demonstration of increased glutamate release by L-DOPA (Goshima et al., 1993) provides in vivo evidence for a mechanism that could accelerate the degeneration process. On the other hand, it was shown that chronic L-DOPA promoted recovery in remaining DA neurons, increased mRNA, and induced release of BDNF in the brain of PD models (Murer et al., 1998; Zhang et al., 2006). Thus, specific assays suggest the possibility that L-DOPA might have both beneficial and detrimental effects depending on various conditions such as therapeutic doses of L-DOPA, its metabolism, and the degree of degeneration of DA neurons. Whether GPR143 is required for any long-term effects of L-DOPA is an important issue to be answered in future studies.

In addition to a possible role of GPR143 in symptomatic-modifying effect of L-DOPA, GPR143 might also be involved in the pathogenesis of PD. To gain an insight into this issue, immunohistochemical analysis was conducted of PD brain tissues by using human anti-GPR143 antibody (Goshima et al., 2018). GPR143-immunoreactive neurons with large perikarya and neurites were observed in the midbrain of control and PD brains. The GPR143-immunoreactive signals showed a dot-like pattern in the perikarya, reflecting its localizations to melanosomes or late endosomes/lysosomes (Schiaffino, 2010). Consistently, unlike other GPCRs, an unconventional dileucine motif and a tryptophan-glutamic acid doublet motif were identified in GPR143 within its third cytosolic loop and the C-terminal tail, respectively, both of which may be responsible for driving its intracellular targeting (Piccirillo et al., 2006). In the PD brain tissue, GPR143 was colocalized with phosphorylated α-synuclein in Lewy bodies (Goshima et al., 2018) (Figure 2). It might be possible that accumulation and localization of GPCRs such as GPR143 are related to the pathogenesis of PD or to efficacy and/or untoward effects of L-DOPA. Interestingly, Parkin-associated endothelin receptor-like receptor (Pael-R) (GPR37) shared some properties common with those of GPR143. GPR37 showed overlapping expression pattern with GPR143 and poor trafficking to the plasma membrane. GPR37 was localized in Lewy bodies (Yang et al., 2003; Murakami et al., 2004) and, like GPR143, possessed high basal activities. Interestingly, overexpression of GPR37 resulted in death of dopaminergic neurons (Leinartaite and Svenningsson, 2017), while GPR37 was contributed to the signaling of certain neuroprotective factors (Meyer et al., 2013). Future studies should address whether GPR143 is also involved in the pathogenesis and the toward and/or untoward actions of L-DOPA in PD (Figure 3).
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Figure 2 | GPR143-positive (A, C) and GPR143–negative (D) Lewy bodies in neurons in the substantia nigra compacta of PD brain tissue. GPR143-positive signals were blocked by the synthetic peptide (B). Scale bar, 20 μm. (Goshima et al., 2018).
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Figure 3 | Summary of various ways in which l-DOPA may act for normal physiology (A), for PD pathology (B), and for PD treatment (C). (A) l-DOPA may play a role in carrying baroreceptor information as a neurotransmitter of the primary baroreceptor afferents terminating in the NTS. ADN, aortic depressor nerve; CSN, carotid sinus nerve; CVLM, caudal ventrolateral medulla; IML, intermediolateral cell column; LC, locus caeruleus; NTS, nucleus tractus solitarii; PHN, posterior hypothalamic nucleus; RVLM, rostral ventrolateral medulla. (See details in Misu et al., 2002) (B) GPR143 might be related to PD pathogenesis. (C) A possible impact on l-DOPA therapy. The decrease in the AADC activity may affect l-DOPA/DA receptor signaling balance in PD brains.






Conclusion

L-DOPA is likely to play a role as a neurotransmitter as well as a precursor of DA. Some critical questions, however, remain unanswered. Does L-DOPA release occur by a vesicular or nonvesicular mechanism? How does GPR143 mediate L-DOPA actions at a single-cell level? Is GPR143 involved in the pathogenesis of PD? Is GPR143 the only functional receptor for L-DOPA? This is the beginning of a new era for the mechanistic study of L-DOPA as a neurotransmitter, its neuronal network specificity, and its pathogenic role, all of which surely have a major impact on L-DOPA therapy in PD.
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The effects of L-3-4-dyhydroxyphenylalanine (L-DOPA) treatment for replacing the dopamine (DA) loss in Parkinson’s disease (PD) progressively wear off and are hindered by the development of dyskinesia, prompting the search for new treatments. The orphan G protein-coupled receptor 88 (Gpr88) represents a potential new target, as it is highly and almost exclusively expressed in the projecting gamma-Aminobutyric Acid-ergic (GABAergic) medium spiny neurons of the striatum, is implicated in motor activity, and is downregulated by 6-hydroxydopamine (6-OHDA) lesions, an effect that is reversed by L-DOPA. Thus, to evaluate Gpr88 as a potential target for the management of PD and L-DOPA–induced dyskinesia (LID), we inactivated Gpr88 by lentiviral-mediated knock-down with a specifically designed microRNA (miR) (KD-Gpr88) in a 6-OHDA rat model of hemiparkinsonism. Then, we investigated the effects of the KD-Gpr88 in the DA-deprived dorsal striatum on circling behavior and LID as well as on specific markers of striatal neuron activity. The KD-Gpr88 reduced the acute amphetamine-induced and increased L-DOPA–induced turning behavior. Moreover, it normalized the upregulated expression of striatal Gad67 and proenkephalin provoked by the 6-OHDA lesion. Finally, despite promoting ∆FosB accumulation, the KD-Gpr88 was associated neither with the upregulation of prodynorphin, which is causally linked to the severity of LID, nor with the aggravation of LID following chronic L-DOPA treatment in 6-OHDA–lesioned rats. These results thus justify further evaluation of Gpr88 as a potentially novel target for the management of PD as an alternative to L-DOPA therapy.

Keywords: Gpr88, 6-hydroxydopamine 6-OHDA, turning behavior, lentiviral vector, L-3-4-dyhydroxyphenylalanine–induced dyskinesia



Introduction

The loss of dopamine (DA) input to the GABAergic striatal medium spiny neurons (MSNs) provokes an imbalance between the direct stimulatory striato-nigral and the indirect inhibitory striato-pallidal pathways responsible for movement initiation, thereby inducing the motor symptoms of Parkinson’s disease (PD) (Gerfen and Surmeier, 2011). The altered activation of these striatal outputs is associated with a net increase of the striatal glutamic acid decarboxylase 67 (Gad67) expression and the concomitant downregulation of prodynorphin (Pdyn) in the DA type 1 (D1) receptor regulated striato-nigral direct pathway as well as upregulation of proenkephalin (Penk) in the DA type 2 (D2) receptor regulated striato-pallidal indirect pathway (Carta et al., 2001). L-DOPA replacement therapy alleviates the motor symptoms but in the long term, by hyperactivating the sensitized D1 receptor in the direct stimulatory pathway, provokes L-DOPA–induced dyskinesia (LID) (Spigolon and Fisone, 2018) by a complex pattern of interaction with cellular substrates and neural networks (De Deurwaerdère et al., 2017) including the accumulation of ΔFosB (Nestler, 2015), which upregulates Pdyn in the MSN of the direct pathway (Andersson et al., 1999; Andersson et al., 2003). Thus, alternative antiparkinsonian targets, avoiding—or masking—the untoward effects of L-DOPA therapy and offering new therapeutic approaches, are needed for the treatment of PD (Huot et al., 2013; Fox et al., 2018).

Gpr88, an orphan G protein–coupled receptor almost exclusively expressed in the striatum (Mizushima et al., 2000), specifically in the MSN (Massart et al., 2009), displays several features of a potential target for the treatment of PD. Namely, Gpr88 knock-out (KO) mice display DA hypersensitivity, suggesting that Gpr88 may have an inhibitory influence on DA-dependent MSN activity (Logue et al., 2009; Quintana et al., 2012). Reciprocally, DA may modulate Gpr88 activity, since DA loss following 6-hydroxydopamine (6-OHDA) lesions of the DAergic nigrostriatal pathway downregulates Gpr88 expression, which is thereafter restored by L-DOPA (Massart et  al., 2009; Massart et al., 2012). However, the interplay between DA signaling and Gpr88 activity is not straightforward, since in basal conditions, the levels of Gpr88 expression are twofold higher in the MSN of the indirect pathway as compared to the MSN of the direct pathway (Massart et al., 2009). Moreover, the Gpr88 downregulation associated with DA loss is the net result of an increase of Gpr88 expression in the direct pathway and a decrease of its expression in the indirect pathway, hinting that Gpr88 responds differently to specific D1 or D2 receptor stimulation, while the L-DOPA treatment completely reverses the 6-OHDA–induced alterations of Gpr88 expression in both pathways (Massart et al., 2009). Finally, while the Gpr88 KO results in increased locomotion in response to DA stimulation (Logue et al., 2009), we have previously shown that the local inactivation of Gpr88 in the ventral striatum decreases the motor hyperactivity induced by amphetamine (Amph) (Ingallinesi et al., 2015). Thus, the precise role played by Gpr88 in motor regulation remains unclear, and its relevance as a target for PD treatment needs to be further evaluated.

To this end, using the unilateral 6-OHDA lesion as a model of PD, we locally inactivated Gpr88 in the dorsal DA-deprived striatum, a region that is associated with motor regulation (Do et al., 2013). We then assessed the impact of the Gpr88 knock-down (KD-Gpr88) on the turning behavior induced by Amph and L-DOPA, on the development of LID, and on the expression of striatal markers altered by the 6-OHDA lesion and the chronic L-DOPA treatment such as Gad67 as a marker of general MSN activity (Cenci et al., 1998) as well as Pdyn and Penk as markers of direct and indirect pathway specific activity, respectively (Cenci et al., 1998; Steiner and Gerfen, 1998).




Materials and Methods



Experimental Animals

Six-week-old male Sprague Dawley rats (Janvier Labs, Rte des chênes secs, 53940 Le Genest-Saint-Isle, France) weighing 250–270 g at the beginning of the experiments were housed on a 12 h dark/light cycle at 20–22°C with free access to food and water. Animal studies authorized by “Ministère de la Recherche” (APAFIS #3669-2016011817516297 v6) were conducted in an approved animal facility (agreement #B75-13-19). The animals were handled throughout the study in compliance with the European Union 2010 Animal Welfare Act and the 2010/63 French directive.




Drugs

6-Hydroxydopamine hydrobromide (6-OHDA), d-amphetamine sulfate (Amph), L-3,4-dihydroxyphenilalanine methyl ester hydrochloride (L-DOPA), and benserazide were purchased from Sigma-Aldrich. 6-OHDA was freshly prepared in physiological saline solution plus 0.02% ascorbic acid. The other drugs were freshly prepared in physiological saline solution only.




Lentiviral Vectors

Lentiviral (LV)-vectors (p24 of stock solutions ranging between 200 and 300 ng/µl and transducing units/ml around 2 × 108) co-expressing, under the drive of the ubiquitous phosphoglycerate kinase (PGK) promoter, the Emerald green fluorescent protein (EmGFP) and a designed microRNA (miR), either specifically directed against the Gpr88 mRNA (LV-miR-Gpr88) or without any target in the rat genome (LV-miR-control), were produced according to standard procedures (Zennou et al., 2001; Castaing et al., 2005).




Experimental Design

The experimental design including the timeline, the different steps, and the number of animals involved is presented in Figure 1. Briefly, 6-week-old rats (n = 95) at the starting time (T-0) received stereotaxic 6-OHDA injections. Three weeks later (T-3), these rats were tested for acute Amph-induced turning behavior. The rats not showing individual means > 5 full turns per minute in the direction ipsilateral to the lesion were discarded (n = 15). At T-4, the remaining 6-OHDA–lesioned rats (n = 80) received stereotaxic injections of lentiviral vectors expressing either the designed miR directed against Gpr88 (n = 40) or the negative control miR (n = 40). Then, at T-7, a batch of miR-bearing rats (KD-Gpr88, n = 11; KD-neg, n = 9) were tested for Amph-induced turning behavior and immediately sacrificed. The remaining group of miR-bearing (KD-Gpr88, n = 29; KD-neg, n = 31) rats were tested at T-8 for acute L-DOPA–induced turning behavior. Thereafter, between T-11 and T-14, this batch of rats was chronically (21 days) treated with daily injections of either L-DOPA (KD-Gpr88, n = 18; KD-neg, n = 18) or saline solution (KD-Gpr88, n = 5; KD-neg, n = 5) and serially tested for the development of LID.
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Figure 1 | Experimental design. Timeline in weeks showing the different experimental settings and animal groups. Number of animals used in each group is reported in parentheses.




The rats were sacrificed by decapitation, and the brains were rapidly removed, frozen in isopentane (−45°C), and kept at −80°C for immunofluorescence and in situ hybridization (ISH) experiments.




Stereotaxic Surgery

The coordinates for stereotaxic surgery were calculated using the Paxinos and Watson rat brain atlas (Paxinos and Watson, 1997). Unilateral injections of 6-OHDA (8 µg in 4.0 µl 0.9% NaCl solution containing 0.02% ascorbic acid) (n = 95) were performed in the left medial forebrain bundle to lesion the nigrostriatal DAergic pathway at the following coordinates (in mm) relative to bregma and the dural surface: antero-posterior (AP) = −1.3, medio-lateral (ML) = +1.3, dorso-ventral (DV) = −8.0, tooth bar at +5. The delivery rate was set at 0.5 µl/min, and at the end of the injection, the needle was left in place for an additional 3 min.

LV-vectors were infused unilaterally in the dorsal striatum on the lesioned side at two dorsal–ventral levels over three sites (2 µl per site, 6 µl total) at the following coordinates (in mm) relative to bregma: (1) AP +1.8, ML +2.8, DV −5.5, −5.0; (2) AP +0.6, ML +2.5, DV −5.5, −5.0; (3) AP +0.6, ML +3.7, DV −5.5, −5.0. The delivery rate was set at 0.33 µl/min, and at the end of the injection, the needle was left in place for an additional 3 min at each site.




Behavioral Testing for Rotational Behavior

Rotation tests in response to Amph (5 mg/kg, i.p.) were performed in a batch of rats after both 6-OHDA and LV-vector stereotaxic injections by recording the number of turns in an automated rotometer over a 1 h period in time bins of 10 min.

Then, the net turning behavior was calculated for each animal at each 10 min time point by subtracting the number of ipsilateral turns after the 6-OHDA lesion from the number of ipsilateral turns after the lentiviral injection.

The rotational response to an acute injection of L-DOPA (10 mg/kg i.p.) and benserazide (15 mg/kg i.p.) was evaluated after the lentiviral injections. The doses of L-DOPA and benserazide were in the optimal range and proportions reported in the literature to obtain turning behavior (Tayarani-Binazir et al., 2012). Both ipsilateral and contralateral 360° turns were recorded over a 1 h period in time bins of 10 min, and the net rotational asymmetry (contralateral minus ipsilateral turns) was calculated.




Chronic L-DOPA Treatment

L-DOPA (6 mg/kg, i.p.) plus benserazide (15 mg/kg, i.p.) was injected daily for 21 days to induce a gradual development and a stable degree of LID. The doses of L-DOPA and benserazide were in the optimal range and proportions reported in protocols for developing LID (Cenci et al., 1998; Carta et al., 2006). Control animals received daily injections of saline solution.




Abnormal Involuntary Movement Rating

LID severity was evaluated by scoring L-DOPA–induced abnormal involuntary movements (AIMs) according to a rat’s dyskinesia scale (Cenci et al., 1998; Cenci and Lundblad, 2007) by an experimenter blind to the type of LV-miR and pharmacological treatment received by the animal.

Rats were placed individually in a transparent plastic cylinder and observed every 20 min for a monitoring period of 1 min, from 20 to 120 min after the injection of L-DOPA or physiological solution.

Ratings of dyskinesia were carried out at days 9, 11, 16, and 18 after the beginning of the chronic L-DOPA treatment. Four subtypes of AIMs were classified: locomotive AIMs (asymmetric locomotion with contralateral turning bias); axial AIMs (twisting of the neck and trunk toward the side contralateral to the lesion); limb AIMs (purposeless “grabbing” movements and/or dystonic posturing of the forelimb contralateral to the lesion); and orolingual AIMs (empty jaw movements and contralateral tongue protrusions). These movements can be clearly discerned from enhanced manifestations of normal motor activities (such as grooming, gnawing, rearing, and sniffing), and they have marked hyperkinetic and/or dystonic features.

Each AIM subtype was scored on a severity scale from 0 to 4 according to the proportion of time/monitoring period during which the AIM was present (0, absent; 1, occasional, i.e. present during less of 50% of the observation time; 2, frequent, i.e. present during more than 50% of the observation time; 3, continuous but interrupted by strong sensory stimuli; 4, continuous, not interrupted by strong sensory stimuli). In case of uncertainty between two consecutive grades of the scale, the corresponding half score was used (i.e. 1.5, 2.5, 3.5). The theoretical maximum sum of AIM scores reached by one rat in one testing session was 96, corresponding to the maximum score/monitoring period (i.e. 16) multiplied by the number of monitoring periods/testing sessions (i.e. 6). Thus, the maximum AIM score that can be attained at the end of the four testing sessions is 96 × 4 = 384.




Immunofluorescence

Immunofluorescence experiments were performed on 12-µm-thick striatal coronal cryosections spanning the lentivirus-injected area of diffusion. The sections were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) 1X for 30 min at 4°C, rinsed in PBS 1X, and micro-waved at 700 W for 2.5 min with antigen retrieval (DakoCytomation Dako Glostrup, Denmark). After rinsing in PBS-Triton wash buffer (PBS 1X, 0.2% Triton X-100), sections were blocked with 10% goat serum in PBS1X for 1 h at room temperature. The following primary antibodies were added to a base solution (2% goat serum in PBS1X) and incubated overnight at 4°C: tyrosine hydroxylase (TH) (Millipore MAB318, 1:400), ∆FosB (Abcam AB11959, 1:500), and Neuronal Nuclei (NeuN) (Chemicon MAB 377, 1:400). TH and NeuN immunolabeling was completed using a fluorophore-coupled secondary antibody (Alexa Fluor 647, Invitrogen A21235, 1:1000), while ∆FosB required 3,3′-Diaminobenzidine revelation for best results (BA-2000 secondary antibody, 1:250, and PK6100 kit from Vector Laboratories).

TH and NeuN immunolabeling was completed using a fluorophore-coupled secondary antibody (Alexa Fluor 647, Invitrogen A21235, 1:1000), incubated for 1 h at room temperature. For best results, ∆FosB immunofluorescence required tyramide signal amplification, according to the manufacturer protocol (PerkinElmer, TSA NEL702001KT). The sections were rinsed in PBS-Triton wash buffer three times before being stained with 4’,6-diamidino-2-phenylindole (DAPI) for 10 min. Finally, the sections were rinsed in PBS and mounted using Fluorescent Mounting Medium (Dako Cytomation; Dako, Glostrup, Denmark).




In Situ Hybridization

ISH was performed with antisense digoxygenin-labeled complementary RNA probes designed to recognize Th, Gpr88, Gad67, Penk, and Pdyn mRNAs. The antisense riboprobes were transcribed from the pGEM®-T easy vector as previously described (Ingallinesi et al., 2015).

All plasmids (1 µg/probe) were linearized and used as templates for the synthesis by T7 or SP6 RNA polymerase (Promega, Madison, WI, USA) of the probe labeled with digoxygenin-11-UTP (Roche, Switzerland). The brain sections were processed for ISH as previously described (Ingallinesi et al., 2015).




Digitization and Semi-Quantitative Analysis

ISH and immunofluorescence slides were digitized using the Axio Scan.Z1 and ZEN software (Zeiss, Oberkochen, Germany). The resulting images were then processed in ImageJ (NIH, Bethesda, MD, USA). As fluorescence and colorimetric staining are not stoichiometrically related to biological content, the signal intensity was not quantified. Instead, a threshold was determined using control slides (secondary antibody alone/sense probe) and applied to all the images from the same experiment. A fixed-size region of interest was then drawn in the transduced areas, where the total signal-positive area was quantified. For each rat, the signal was measured over two to three anteroposterior locations between AP +0.2 mm and +1.8 mm, and averaged. The values from the lesioned/transduced side were then normalized to those obtained in the unaffected hemisphere.




Statistical Analysis

Rats with 6-OHDA lesion were included for turning behavior statistical analysis when showing individual means >5 full turns per minute in the direction ipsilateral to the lesion with the first Amph challenge. As reviewed by Bjorklund and Dunnet, literature data show that such rotation responses correspond to a permanent reduction in DA content in the striatum of greater than 90% (Bjorklund and Dunnett, 2019). Rats showing less than five full turns per minute (n = 15) were excluded from analysis and discarded from the experimental protocol.

Other inclusion criteria were the complete loss of TH immunoreactivity signal in the striatum or Th ISH signal in the substantia nigra after the 6-OHDA lesion and detectable EmGFP signals after lentiviral injections. Rats lacking one of these criteria (KD-neg, n = 8; KD-Gpr88, n = 6) were excluded from behavioral and molecular analyses. The number of rats at each experimental step presented in Figure 1 takes into account these exclusions. Data are presented as mean ± SEM. Statistics were performed using GRAPHPAD PRISM (GraphPad Software Inc., San Diego, CA, USA). One-way or two-way ANOVA followed by post hoc Tukey or Bonferroni tests was carried out for statistical analyses as indicated in the results. The distribution of the data from the AIM axial, limb, oral (ALO) locomotor (LOCO) and TOTAL scoring was tested for normality (Kolmogorov–Smirnov test) and then analyzed using a two-way ANOVA followed by Sidak’s multiple comparisons test. The difference between comparisons was considered to be signiﬁcant at P < 0.05.





Results



6-OHDA–Induced Nigrostriatal Lesions and Gpr88 Knock-Down Extension

Th, the rate-limiting enzyme in the synthesis of DA and other catecholamines, was used to evaluate the efficacy of the unilateral 6-OHDA injections targeting the nigrostriatal pathway. The 6-OHDA lesion resulted in the complete loss of the specific signal for Th in the side of injection compared to the contralateral intact side, as assessed by immunoreactivity in the striatum and by ISH in the substantia nigra (Figures 2A, B).
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Figure 2 | Tyrosine hydroxylase unilateral loss after 6-hydroxydopamine (6-OHDA) lesion. (A) Tyrosine hydroxylase immunoreactivity in the 6-OHDA–lesioned (left) and in the intact striatum (right). (B) Tyrosine hydroxylase in situ hybridization in the 6-OHDA–lesioned (left) and in the intact substantia nigra (right).




The lentiviral vectors expressing either the miR-Gpr88 or the miR-neg were injected in the rat dorsal striatum ipsilateral to the 6-OHDA lesion. The diffusion of the lentiviral vector resulted in the localized loss of Gpr88 expression (Figures 3A, B) and the presence in the same region of the EmGFP marker (Figure 3C) that allowed for ascertaining the efficacy of the transduction. The ISH signal for Gpr88 was, on the contrary, present in the region transduced with the miR-neg (Figure 3D).



[image: ]

Figure 3 | In situ hybridization for lentiviral marker and Gpr88 expression. (A) Riboprobe against Gpr88 showing the loss of the Gpr88 signal in a series of anteroposterior sections in the region of the left striatum transduced with the specific miR-Gpr88. (B) Higher resolution showing the loss of the Gpr88 signal in a section of the left striatum transduced with the specific miR-Gpr88. Arrows indicate Gpr88 expression in the cortex and the piriform cortex. (C) Riboprobe against the Emerald green fluorescent protein (EmGFP) marker showing the extension of lentiviral-mediated striatal transduction in a section of the left striatum adjacent to the section reproduced in B. (D) Riboprobe against Gpr88 showing the uniform signal of Gpr88 expression in the striatum transduced with the miR-neg.




The lentiviral-mediated transduction of striatal neurons did not produce any significant neuronal loss, since, as evidenced by the merging of Gpr88 ISH and NeuN marking, the NeuN signal was uniformly distributed in the striatum without apparent differences between Gpr88-positive and -negative areas (Figure 4).
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Figure 4 | In situ hybridization for Gpr88 expression and immunofluorescence for NEUronal Nuclei (NeuN) expression.






The KD-Gpr88 Improves Hemiparkisonian Turning Behavior

To ascertain the effects of the KD-Gpr88 on motor activity, we tested the 6-OHDA–lesioned rats, before and after intrastriatal injections of the lentiviral vectors, for Amph-induced turning behavior, which is a highly reliable test for evaluating the extent of DA loss and motor impairment (Iancu et al., 2005; Bjorklund and Dunnett, 2019). Three weeks after the 6-OHDA lesion, Amph elicited a strong turning behavior ipsilateral to the lesioned side (mean 11.7 ± 0.9 turns/min) with no appreciable contralateral turning. The Amph-induced turning behavior was then once again measured in a batch of rats 3 weeks after receiving lentiviral vectors expressing either the miR-neg (KD-neg) or the miR-Gpr88 (KD-Gpr88) in the dorsal region of the DA-depleted striatum. The net turning behavior resulted in positive values in KD-neg rats (n = 9), indicating that the effect of the 6-OHDA lesion increased over time. On the contrary, the net turning behavior resulted in negative values in the KD-Gpr88 rats (n = 11), showing that the Gpr88 inactivation partially reduced the motor imbalance induced by 6-OHDA lesions (Figure 5A).
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Figure 5 | Drug-elicited turning behavior. (A) Amphetamine (Amph) (5 mg/kg i.p.)–induced turning behavior: net turning behavior (∆turns) means of the differences calculated for each rat in 10 min interval deducting the number of turns recorded before from the number of turns recorded after lentiviral injection. KD-neg, n = 9; KD-Gpr88, n = 11. Two-way ANOVA: F1, 108 = 20.26, p = 0.0001. * p-value <0.05 (Bonferroni post-test). (B) L-DOPA (10 mg/kg i.p.) plus benserazide (15 mg/kg i.p.)–induced turning behavior: net rotational asymmetry (contralateral minus ipsilateral turns) after lentiviral vector injections. KD-neg, n = 22; KD-Gpr88, n = 17. Two-way ANOVA: F5, 270 = 14.09, p = 0.0001. * p-value <0.05 (Bonferroni post-test).




Four weeks after lentiviral vector injections, turning behavior following an acute L-DOPA (10 mg/kg i.p.) plus benserazide (15 mg/kg i.p.) challenge was assessed in another batch of 6-OHDA–lesioned and lentiviral transduced rats that were not previously tested with a second Amph treatment. In the 6-OHDA–lesioned rats, initial turning toward the lesioned site was observed, which then switched to the contralateral side after half an hour, an effect of acute L-DOPA treatment that has been reported in the literature (Mura et al., 2002). The contralateral turning was increased in the KD-Gpr88 as compared to KD-neg rats, indicating that the Gpr88 inactivation enhances the effects of L-DOPA in the 6-OHDA–lesioned striatum (Figure 5B).




KD-Gpr88 and L-DOPA–Induced Dyskinesia

Two 6-OHDA–lesioned groups of rats, bearing either the KD-neg or the KD-Gpr88, were chronically treated for 21 days with L-DOPA (6 mg/kg) plus benserazide (15 mg/kg), while two corresponding groups of animals received an equal volume of saline solution. The 6-OHDA–lesioned rats chronically treated with saline (KD-neg, n = 5; KD-Gpr88, n = 5) did not develop LID. On the contrary and as expected according to the literature (Cenci et al., 1998), comprehensively over 50% (n = 20) of the 6-OHDA–lesioned rats chronically treated with L-DOPA developed LID, both in the KD-neg (n = 8 out of 18) and in the KD-Gpr88 (n = 12 out of 18) group. The distribution of the data from the AIM scoring (ALO, LOCO, and TOTAL scores) was verified and passed the normality testing using the Kolmogorov–Smirnov test.

The total AIM score in the LID-positive animals was of about 55% of the maximal theoretical score of 384 (Cenci and Lundblad, 2007) (see Materials and Methods) and was not different between KD-neg (222.7 ± 27.9; n = 8) and KD-Gpr88 (206.4 ± 17.3; n = 12).

Also, the AIM score at each time point (9, 11, 16, and 18 days of L-DOPA treatment) calculated either as a whole or separating the ALO (axial, limb, oral) scores from the locomotor scores was not different between the two experimental groups (Figure 6). Thus, these results show that, notwithstanding the acute L-DOPA–elicited increase in contralateral turning behavior, the KD-Gpr88 does not worsen the severity of LID following a chronic L-DOPA treatment.
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Figure 6 | L-DOPA–induced dyskinesia (LID): abnormal involuntary movement (AIM) scores. AIMs were scored at each time point (9, 11, 16, and 18 days of L-DOPA treatment) and calculated either as the total sum or separating the sum of the ALO (axial, limb, oral) scores from the locomotor scores. The data were analyzed using a two-way ANOVA followed by Sidak’s multiple comparisons test. The analysis did not reveal a significant effect of the miR treatment (F1, 57 = 0.06, p = 0.81), time (F3, 57 = 1.02, p = 0.39), or their interaction (F3, 57 = 1.53, p = 0.22).






The KD-Gpr88 Normalizes the 6-OHDA–Induced Gad67 and Penk Overexpression and Prevents LID-Associated Pdyn Upregulation

The chronic L-DOPA treatment associated with the development of LID increases the expression of Gad67, Penk, and Pdyn, with this latter being positively correlated with AIM scores (Cenci et al., 1998). Moreover, Pdyn upregulation associated with LID is promoted by ΔFosB (Andersson et al., 1999). Thus, we assessed the expression of Gad67, Penk, and Pdyn in the dorsal striatum of 6-OHDA–lesioned KD-neg and KD-Gpr88 rats that developed LID after 21 days’ treatment with L-DOPA and their corresponding controls treated for 21 days with a saline solution.

As expected according to the literature (Cenci et al., 1998), the 6-OHDA lesion increased Gad67 and Penk and decreased Pdyn expression in KD-neg rats. However, the KD-Gpr88 reversed to baseline levels both Gad67 and Penk but not Pdyn expression (Figure 7A). LID is associated with Gad67, Penk, and Pdyn overexpression. Accordingly, in LID-displaying KD-neg rats, the expression of Gad67, Penk, and Pdyn was concomitantly increased. However, in the KD-Gpr88 rats with LID, while Gad67 and Penk were upregulated to the same extent as in their KD-neg counterparts, Pdyn expression remained inferior to the baseline and significantly different from Pdyn expression in the KD-neg rats (Figure 7B), indicating that the Gpr88 inactivation prevents the Pdyn upregulation that is associated with the development of LID (Cenci et al., 1998).
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Figure 7 | In situ hybridization for striatal markers. Gad67, Penk, Pdyn mRNA expression. Evaluation of medium spiny neuron markers in the dorsal DA-deprived striatum transduced with a miR-neg or miR-Gpr88 expressed as percentage of change compared to the contralateral intact side in chronic saline control rats and chronic L-DOPA–treated rats developing LID. (A) Chronic saline: KD-neg, n = 4; KD-Gpr88, n = 3. (B) Chronic L-DOPA: KD-neg, n = 3; KD-Gpr88, n = 4. One-way ANOVA: control side v/s KD-neg v/s KD-Gpr88 followed by Tukey multiple comparison test. * 6-OHDA–lesioned v/s intact side—P: * < 0.05, ** < 0.01. # KD-neg v/s KD-Gpr88—P: # < 0.05, ## < 0.01, ### < 0.005.






Hyperactivation of ∆Fosb Following Gpr88 Inactivation

LID-associated Pdyn upregulation, which is positively correlated with AIM scores, is promoted by ΔFosB activation (Cenci et al., 1998). Actually, the L-DOPA chronic treatment after 6-OHDA lesions has been shown to increase the levels of ΔFosB, a member of the Fos family of transcription factors that is induced by repetitive stimulation and that accumulates in a stable form in the D1-expressing MSN of the direct pathway (Nestler, 2015). Since the accumulation of ΔFosB is also correlated with the severity of LID (Pavon et al., 2006; Engeln et al., 2016), we evaluated the effects of the Gpr88 inactivation on ΔFosB expression.

Strikingly, in the dorsal striatum of KD-Gpr88 rats, ΔFosB was strongly increased both in saline (n = 4) and in chronic L-DOPA (n = 4) treated rats as compared to KD-neg (Figure 8). Thus, the Gpr88 inactivation powerfully induced ΔFosB expression in the DA-deafferented striatum but was not associated with any further increase of ΔFosB following chronic L-DOPA treatment. Moreover, since the L-DOPA–induced Pdyn upregulation is inhibited, the increased accumulation of ΔFosB appeared to be unable to worsen LID in L-DOPA–treated KD-Gpr88 rats.
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Figure 8 | ∆FosB protein expression. Immunofluorescence analysis of ∆FosB activation after chronic saline or L-DOPA treatment in the lentiviral vector transduced dorsal striatum of 6-OHDA–lesioned rats developing LID. Chronic saline: KD-neg, n = 4; KD-Gpr88, n = 4. Chronic L-DOPA: KD-neg, n = 3; KD-Gpr88, n = 4. One-way ANOVA: Control side v/s KD-neg v/s KD-Gpr88 followed by Tukey multiple comparison test. * 6-OHDA–lesioned v/s intact side—P: * < 0.05; ** < 0.01. # KD-neg v/s KD-Gpr88—P: # < 0.05.







Discussion

DA modulates MSN output by facilitating the activity of the D1-regulated striato-nigral pathway and inhibiting the activity of D2-regulated striato-pallidal pathway (Gerfen and Wilson, 1996). The imbalance between these striatal output pathways following unilateral DA loss can be evaluated measuring the turning behavior that results from the difference between the intact and lesioned striatum in the response to activation of the DA receptors. Turning behavior can thus be elicited by acute challenges with drugs such as Amph that, by increasing the release of DA in the intact striatum, provokes turning toward the lesioned side, or the DA precursor L-DOPA that, by promoting DA release in the DA-hypersensitive 6-OHDA–lesioned striatum, produces turning toward the intact side (Schwarting and Huston, 1996). We have found that the KD-Gpr88 in the dorsal DA-deafferented striatum produced a significant effect on motor activity in such a model of PD by attenuating the ipsilateral Amph- and enhancing the contralateral L-DOPA–induced turning behavior. This effect is consistent with an inhibitory role of Gpr88 on DA-dependent MSN activity, since Gpr88 KO mice display DA hypersensitivity, as shown by increased locomotion in basal conditions and in response to DA receptor stimulation with direct and indirect agonists (Logue et al., 2009; Quintana et al., 2012).

Using a threshold method for ISH analysis, we ascertained that, as already reported in the literature (Cenci et al., 1998), the DA loss following 6-OHDA lesions leads to hyperactivation of MSN with an increase in the expression of Gad67, coding for the rate-limiting enzyme in the synthesis of GABA, and also results in the decreased expression of Pdyn co-transmitter in the striato-nigral pathway and in the increased expression of Penk co-transmitter in the D2 striato-pallidal pathway. These modifications are the result of plastic changes triggered in the striatum by the loss of DA fibers, and reflect an imbalance in the activity of striatum output pathways, giving rise to motor deficits. The KD-Gpr88 normalized the expression of Gad67 and Penk. However, it was unable to modify the decrease in Pdyn expression induced by the DA loss. Thus, in a well-established, unilateral, 6-OHDA lesion model of PD, the KD-Gpr88 appears to reduce the imbalance in motor responses to DA receptor stimulation essentially by normalizing the activity of the indirect inhibitory striato-pallidal pathway. This suggestion that KD-Gpr88 preferentially affects MSNs of the indirect pathway is consistent with the receptor’s relative enrichment in this neuronal type (Massart et al., 2009) and the hypersensitivity to D2 agonists that has been consistently reported in Gpr88 KO mice (Logue et al., 2009; Quintana et al., 2012). As GPR88 is also known to modulate enkephalin delta opioid receptor signaling (Meirsman et al., 2016), the reduction in Penk expression observed following KD-Gpr88 may partly result from a potentiation of neurotransmission at delta receptors. However, the KD-Gpr88, by not modifying the 6-OHDA–induced Pdyn downregulation, appears to not markedly impact the direct striato-nigral pathway that may remain hypersensitive upon D1 receptor stimulation. This may explain the lack of effects of Gpr88 long-term inactivation alone on the development of LID in contrast to a chronic treatment with L-DOPA. Actually, L-DOPA replacement therapy for the treatment of PD facilitates motor function by enhancing the activity of the D1-regulated striato-nigral pathway, an effect that, in the long term, leads to the development of LID (Santini et al., 2009). In this study, we found that the KD-Gpr88, even if it induced an increase of contralateral turning behavior after an acute challenge with L-DOPA, did not exacerbate the intensity of AIMs that are associated with the chronic L-DOPA–induced hyperactivation of the direct pathway (Santini et al., 2009).

Moreover, the development of LID is associated with an upregulation of Gad67 and Penk, which is more pronounced in term of signal intensity than the upregulation induced by the DA deafferentiation, an upregulation of Pdyn, and the induction of ΔFosB in the direct pathway that is linked to the severity of LID (Pavon et al., 2006; Engeln et al., 2016). However, only Gad67 and Penk were upregulated to the same extent in both KD-neg and KD-Gpr88 rats with LID, while the increase of Pdyn in KD-neg was not paralleled in KD-Gpr88 rats, where it remained below baseline. Furthermore, ΔFosB was significantly increased by about threefold both in saline- and L-DOPA–treated KD-Gpr88 as compared to KD-neg rats. Nevertheless, the sharp increase of ΔFosB in saline-treated KD-Gpr88 rats was not associated with the development of AIMs. Accordingly, it has been reported that high levels of ΔFosB expression obtained by viral vector transduction in the DA-denervated striatum are not per se associated with dyskinesia. However, the overexpression of ΔFosB results in the abrupt appearance of high-score AIMs immediately after an acute L-DOPA challenge, which are significantly increased compared to the AIM scores displayed after chronic L-DOPA treatment (Cao et al., 2010). This is not the case for the sharp increase in ΔFosB induced by the KD-Gpr88, which is not associated with the development of dyskinesia and with a significant increase in AIM scores after chronic L-DOPA. However, similarly to the KD-Gpr88, the overexpression of ΔFosB results in hypersensitivity to acute L-DOPA and increased contralateral turning (Cao et al., 2010). Thus, the lack of dyskinesia development and the lack of aggravation of AIMs after the dorso-striatal inactivation of Gpr88 suggest that, while the KD-Gpr88 may act by hyperactivating the D1 direct pathway through the induction of ΔFosB, this effect is not directly coupled to dyskinetic effects even during a chronic L-DOPA treatment. Indeed, ΔFosB upregulates Pdyn (McClung et al., 2004), which is linked to both development and severity of LID (Andersson et al., 1999; Andersson et al., 2003). In this study, following chronic L-DOPA treatment, we observed a significant increase of Pdyn in KD-neg and a stable level of Pdyn in the KD-Gpr88 group, this latter group being also characterized by a striking increase in ΔFosB protein levels. Thus, this result suggests that the KD-Gpr88 may also affect the D1 direct pathway by inhibiting the upregulation of Pdyn following chronic L-DOPA and, therefore, that LID may not depend only on upregulated ΔFosB/Pdyn in the D1 direct pathway but also on a potential involvement of other cellular mechanisms in different neurotransmission systems such as the serotonergic system (De Deurwaerdère et al., 2017).

Taken together, our results indicate that the KD-Gpr88 may act on both the hyperactive indirect and hypoactive direct pathways following the 6-OHDA lesion and, by reducing the imbalance between them, may result in an antiparkinsonian-like effect not associated in the long term with the development of dyskinesia. However, the development of specific pharmacological antagonists will be crucial for further establishing whether GPR88 receptors genuinely represent an alternative target for the treatment of PD—alone or in association with other classes of agents—with a lower propensity to provoke motor side effects. Moreover, using specific D1 or D2 ligands in PD models combined with the KD-Gpr88 will be instrumental for parsing the specific contribution of Gpr88 to the direct and indirect pathways. However, to disentangle the relative contribution of each pathway in the effect of the Gpr88 KD would also require the utilization of lentiviral vectors with specific promoters. This will allow for dissecting more precisely the role of Gpr88 and for developing gene therapy tools that may offer alternative and possibly more efficient solutions than pharmacological interventions for treating the motor dysfunction of PD while avoiding the eventual emergence of dyskinesia.
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Non-motor symptoms are common in Parkinson’s disease (PD) and they represent a major source of disease burden. Several non-motor manifestations, such as rapid eye movement sleep behavior disorder, olfactory loss, gastrointestinal abnormalities, visual alterations, cognitive and mood disorders, are known to precede the onset of motor signs. Nonetheless, the mechanisms mediating these alterations are poorly understood and probably involve several neurotransmitter systems. The dysregulation of GABAergic system has received little attention in PD, although the spectrum of non-motor symptoms might be linked to this pathway. This Mini Review aims to provide up-to-date information about the involvement of the GABAergic system for explaining non-motor manifestations in early stages of PD. Therefore, special attention is paid to the clinical data derived from patients with isolated REM sleep behavior disorder or drug-naïve patients with PD, as they represent prodromal and early stages of the disease, respectively. This, in combination with animal studies, might help us to understand how the disturbance of the GABAergic system is related to non-motor manifestations of PD.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder with a prevalence of between 1% and 4% in over-60-year-olds (Tysnes and Storstein, 2017). The diagnosis of PD currently depends on the identification of motor clinical features, including rest tremor, rigidity and bradykinesia. In addition, patients with PD develop a wide range of non-motor manifestations including cognitive impairment and dementia, mood and sleep disturbances, sensory abnormalities and autonomic nervous system dysfunction (Poewe, 2008). It has been estimated that the first motor signs appear when 50% to 80% of dopaminergic neurons in the substantia nigra pars compacta have been lost (Cheng et al., 2010). Thus, by the time of diagnosis, brain injury has been ongoing for years and any attempt at neuroprotection at this stage might be unsuccessful. Great efforts are being made to detect markers of neuronal dysfunction early in the course of the disease (Postuma and Berg, 2019). In relation to this, it is increasingly recognized that non-motor symptoms not only accompany but also precede motor signs in PD (Poewe, 2008). This is consistent with the Braak PD staging system, which suggests that α-synuclein deposition starts in areas involved in sleep regulation, olfaction or autonomic function before affecting the basal ganglia or cerebral cortex (Braak et al., 2003). The array of premotor symptoms might help to identify patients at high risk of developing α-synuclein-mediated neurodegenerative diseases, such as PD, dementia with Lewy bodies (DLB) or multiple system atrophy (MSA).

While the mechanisms for motor impairment are fairly well established, the neuroanatomical and molecular substrates for non-motor manifestations are far from clear. Current evidence suggests that neurotransmitters, such as acetylcholine, serotonin, noradrenaline, glutamate and gamma-aminobutyric acid (GABA), play an important role in the pathophysiology of PD (Sanjari Moghaddam et al., 2017). GABA is the main inhibitory neurotransmitter in the central nervous system (CNS), acts through GABAA and GABAB receptors, and is primarily released by local interneurons to regulate cortical and subcortical microcircuits (Figures 1A, B). GABAergic signaling modulates a wide range of physiological functions, including sensory perception, information processing and cognition. In patients with PD, GABAergic dysregulation has been observed in the basal ganglia postmortem and in vivo with magnetic resonance spectroscopy (Kish et al., 1986; Emir et al., 2012; O’Gorman Tuura et al., 2018). Recently, it has been shown that striatal dopaminergic axons co-release GABA (Tritsch et al., 2012; Tritsch et al., 2014), which suggests that dopaminergic neurodegeneration could lead to GABA decline in basal ganglia circuits (O’Gorman Tuura et al., 2018). Considering that GABAergic networks regulate calcium-mediated mechanisms, like mitochondrial function and oxidative stress, loss of GABA inhibitory tone would facilitate accumulation of abnormal levels of intracellular calcium, triggering neurodegenerative processes. Consistent with this idea, it has been shown that GABA agonists, such as Baclofen or Bumetadine, relieve motor symptoms and protect dopaminergic cell bodies in mice models of PD (Hajj et al., 2015; Lozovaya et al., 2018). Nonetheless, GABAergic alterations might go beyond the basal ganglia. Unfortunately, few studies have investigated how GABAergic or other neurotransmitter systems may induce or modulate non-motor symptoms of PD. Identifying the separate role of each pathway may allow us to develop novel pharmacological compounds targeted to specific symptoms. Seeking to provide up-to-date information about the role of the GABAergic system, in this Mini Review, we focus on its ability to explain some of the non-motor manifestations that appear early in PD (Table 1).
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Figure 1 | The GABAergic system and non-motor symptoms in Parkinson’s Disease. (A) GABA receptors. The inhibitory neurotransmitter GABA acts through ionotropic GABAA receptor or metabotropic GABAB receptor to reduce the membrane potential. The activation of GABAA receptors allows chloride (Cl-) entry into the cytoplasm, while GABAB receptor activation leads to a cellular cascade resulting in calcium (Ca2+) channel deactivation and potassium (K+) channel opening. (B) Schematic representation of cortical and subcortical local microcircuit organization of GABAergic cells. Inhibitory GABAergic cells are primarily local projecting neurons with a broad array of anatomical and physiological properties. The effect resulting from the inhibition exerted by GABAergic cells depends on their sensitivity to incoming stimuli, their firing properties and the subcellular domain of excitatory cells targeted by each interneuron. The diversity of GABAergic cells provides the brain with extensive computational power to regulate sensory and cognitive processes. (C) Brain areas associated with non-motor symptoms in Parkinson’s disease. Each color corresponds to a specific non-motor symptom and the associated area of the presumed GABAergic dysfunction.




Table 1 | Evidence of the involvement of GABAergic neurotransmission in early non-motor symptoms of Parkinson’s disease.
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REM Sleep Behavior Disorder and Pontine GABAergic Cell Dysfunction in PD

Sleep disturbances are the most common non-motor manifestations of PD, with wide variability in the reported prevalence (66% to 98%) (Garcia-Borreguero et al., 2003). Sleep-related abnormalities in PD include insomnia, sleep fragmentation, restless legs syndrome, excessive daytime sleepiness and rapid eye movement (REM) sleep behavior disorder (RBD), among others. Some sleep abnormalities occur in early stages of the disease, even during the prodromal phase, including RBD (Iranzo et al., 2006), restless legs syndrome (Wong et al., 2014) and excessive daytime sleepiness (Abbott et al., 2005). Nonetheless, only idiopathic RBD (iRBD) has consistently shown to be an early predictor of the development of PD (Iranzo et al., 2017) (Postuma and Berg, 2019).

RBD is a parasomnia characterized by the loss of the normal muscle atonia of REM sleep. The diagnostic hallmark is excessive electromyographic activity during REM sleep as documented by polysomnography (Ferini-Strambi et al., 2016). Patients with RBD report the enactments of dreams, including kicking, punching or talking. In the absence of other neurological signs or CNS lesions, patients with iRBD are at high risk of developing α-synuclein-mediated neurodegenerative diseases in the years following the diagnosis (Hogl et al., 2018). It has also been suggested that the presence of RBD in PD patients is associated with an aggressive phenotype, these patients showing a higher density of α-synuclein aggregates (Knudsen et al., 2018).

Therefore, in recent years, special attention has been paid to PD-related non-motor manifestations and symptom progression in iRBD patients, seeking to find novel biomarkers of PD. Although the precise pathophysiological mechanisms for iRBD have not been fully determined, iRBD seems to be attributable to neurochemical imbalances in sleep regulatory systems (Boucetta et al., 2014). Previous studies have pointed toward a significant and specific neurodegeneration of GABA or glycine-containing neurons in the ventral medulla, such as in the nucleus raphe magnus and the ventral gigantocellular, alpha gigantocellular and lateral paragigantocellular reticular nuclei that directly project to spinal motor neurons to produce atonia during REM sleep (Iranzo, 2018) (Figure 1C). This hypothesis is supported by preclinical studies in transgenic mice that exhibit an RBD phenotype when glycine and GABA receptor function is impaired (Brooks and Peever, 2011). Moreover, allosteric agonists that bind at the α/γ subunit interface of GABAA receptors, i.e., benzodiazepines, including clonazepam, triazolam or alprazolam, are the first-line therapy in iRBD (Anderson and Shneerson, 2009), and the effectiveness of this treatment could be explained by GABAergic neurotransmission disruption in prodromal stages of PD.




Olfactory Loss and Its Relationship With GABAergic Neurotransmission in PD

Olfactory dysfunction is observed in more than 90% of PD patients (Doty, 2012), frequently precedes the onset of motor symptoms (Fantini et al., 2006; Ross et al., 2008; Postuma et al., 2009), and predicts the early conversion of iRBD to PD or DLB (Mahlknecht et al., 2015; Fereshtehnejad et al., 2017). The mechanisms responsible for olfactory dysfunction in PD are currently unknown. Magnetic resonance imaging studies have shown significantly smaller olfactory bulb volumes in patients with PD than controls (Brodoehl et al., 2012; Li et al., 2016; Tanik et al., 2016), although other authors failed to find such differences (Altinayar et al., 2014). Axonal and myelin damage of olfactory tracts has also been observed using diffusor-tensor imaging (Scherfler et al., 2006; Scherfler et al., 2013). These results have been confirmed by postmortem analysis of olfactory bulbs, in which global glomerular voxel volume was found to be smaller in five PD cases than six healthy controls (Zapiec et al., 2017). Moreover, hyposmia has been related to pathological changes in other areas of the olfactory system, such as the anterior olfactory nucleus or basolateral nucleus of the amygdala (Pearce et al., 1995; Harding et al., 2002). On the other hand, sensory perception disturbances might represent subtle alterations of normal functioning that precede neuronal degeneration. Changes in network connectivity of brain structures related to olfaction have already been described (Westermann et al., 2008; Bohnen et al., 2010; Wen et al., 2017), and these functional abnormalities may arise from iron and sodium deposition (Gardner et al., 2017).

The limited literature about the precise anatomy and physiology of the human olfactory bulb makes it difficult to assess the mechanisms related to olfactory dysfunction in humans. In this regard, animal studies provide a wealth of knowledge, as the olfactory bulb of rodents has been well characterized. It has been shown that interneurons—GABA-releasing cells—are essential for odor detection, and functionally distinct GABAergic circuits within the olfactory bulb of rodents play different roles in olfactory coding. The tonic inhibition exerted by these cells is thought to regulate the sensitivity of odor detection and odor perception in the mammalian brain (Pirez and Wachowiak, 2008; Shao et al., 2009; Acebes et al., 2011) (Figure 1C). Even though animal findings suggest that interneuron connectivity is the major determinant of odor perception, whether the loss of inhibitory synapses contributes to olfactory changes in PD in humans needs further research.




Visual Disturbances

Among primary visual functions, low-contrast visual acuity, contrast sensitivity and color vision are typically affected in PD (Weil et al., 2016). Patients with drug-naïve PD or iRBD also show decreased contrast sensitivity (Righi et al., 2007; Marques et al., 2010), and abnormal color vision discrimination has been described in iRBD, these patients having a 3-fold higher risk of conversion (Postuma et al., 2015). Nevertheless, color discrimination is not consistently impaired in the early stages of PD, indicating that color vision abnormalities may represent a specific PD phenotype (Vesela et al., 2001). Indeed, Postuma and colleagues reported that abnormal color vision in iRBD was a stronger predictor of primary dementia than parkinsonism (Postuma et al., 2015), which is in line with findings in PD, RBD increasing the risk of cognitive decline (Pagano et al., 2018). Patients with iRBD or de novo PD also display visuoconstructional and visuoperceptual disturbances that may be related to non-dopaminergic impairment (Ferini-Strambi et al., 2004; Gagnon et al., 2009; Aarsland et al., 2009a; Marques et al., 2010; Fantini et al., 2011; Kim et al., 2011; Ota et al., 2016).

In vivo neuroimaging studies in newly diagnosed and drug-naïve PD patients have detected structural alterations in the visual pathway, ranging from thinning of inner retinal layers to increased optic radiation mean diffusivity and reduced visual cortical volumes (Arrigo et al., 2017; Ahn et al., 2018; Murueta-Goyena et al., 2019), which might explain some visual disturbances. There is, however, a growing body of evidence highlighting the role of GABA in perceptual aspects of vision.

Retinal amacrine cells co-release dopamine and GABA and the degeneration of these specialized cells has been suggested to cause primary visual dysfunction, although this hypothesis has not been confirmed (Nguyen-Legros, 1988). In line with this, pharmacological depletion of endogenous retinal GABA with allylglycine induces changes in contrast sensitivity (Hilgen et al., 2015). On the other hand, animal studies have shown that GABAA receptor antagonist infusion in cat primary visual cortex decreases selectivity for stimulus orientation and direction, but not contrast sensitivity (Katzner et al., 2011). More recently, it has been observed that GABA levels measured by magnetic resonance spectroscopy are strong predictors of visuospatial abilities in healthy adults (Cook et al., 2016), and increasing GABA activity with systemic midazolam injections decreases visual sensitivity, preferentially affecting medium-to-high spatial frequencies and low temporal frequencies (Blin et al., 1993). Additionally, higher GABA concentrations in the visual cortex, as well as administration of the GABA agonist lorazepam, induce slower perceptual dynamics (van Loon et al., 2013).

These findings suggest that GABA signaling plays a central role in visual perception and a disturbance of this circuit at any level of the visual pathway could influence proper sensory processing. Consistent with this, recent studies show that PD patients with visual hallucinations have low occipital GABA concentrations (Firbank et al., 2018), and complex visual hallucinations in DLB are associated with altered GABAergic synaptic activity (Khundakar et al., 2016), which further supports the view that dysregulation of GABAergic system is involved in the visual pathway of PD (Figure 1C). Whether this system is affected in the retina and visual cortex of all PD patients, and from early stages, remains to be determined.




Cognitive Dysfunction and GABAergic Signaling in Frontostriatal Circuits

Cognitive manifestations are frequently reported in PD, with a prevalence of 20–25% for mild cognitive impairment and 30% for dementia. It is estimated that PD patients have a 3- to 6-fold higher risk of developing dementia than age-matched controls (Svenningsson et al., 2012). Cognitive dysfunction is thought to be one of the key premotor manifestations of PD. At diagnosis, 15–20% of PD patients have mild cognitive impairment (Aarsland et al., 2009b) and several studies in patients with iRBD have identified cognitive disturbances, including delayed verbal memory, poorer decision-making, worse attention and slower processing speed, these domains being predictive of future risk of developing PD or DLB (Fantini et al., 2011; Terzaghi et al., 2013; Youn et al., 2016; Genier Marchand et al., 2017). Thus, early onset cognitive abnormalities are mainly dependent on the frontal lobe (Ferini-Strambi et al., 2004; Massicotte-Marquez et al., 2008; Sasai et al., 2012; Chahine et al., 2018).

Despite the evidence of neuropathological abnormalities in frontal brain areas in PD, their molecular and cellular alterations are poorly understood. Several studies have suggested that cognitive impairment in PD is attributable to neurotransmitter dysregulation rather than frank neurodegeneration (Kehagia et al., 2010; Ray and Strafella, 2012). Dopamine and acetylcholine deficiencies in frontostriatal pathways play a major role in cognitive impairment in PD, but the contribution of the other neurotransmitter systems remains less certain. Regarding the role of GABA, in frontal cortex global transcriptional changes of GABAergic neurotransmission have been observed in DLB patients (Santpere et al., 2018). It has also been shown that mRNA expression of the GABA-synthesizing enzyme glutamic acid decarboxylase-67 (GAD67) (Lanoue et al., 2010) and the calcium-binding protein parvalbumin (PV) (Lanoue et al., 2013)—two key markers of GABAergic cells—is low in the dorsolateral prefrontal cortex of PD patients without evidence of cell loss, further suggesting the downregulation of inhibitory neurotransmission in the frontal cortex (Figure 1C). In basal ganglia, in vivo GABA concentration changes have been detected in PD patients performing cognitive tasks (Buchanan et al., 2015). Interestingly, boosting GABAergic neurotransmission by zolpidem administration in early stage PD patients modulates aberrant beta-frequency oscillations (Hall et al., 2014), and the desynchronization of low-frequency activity seems to restore cognitive functions (Hall et al., 2010). Although these findings point towards decreased GABAergic activity in frontostriatal circuits in PD and DLB, whether GABAergic neurotransmission is also perturbed in premotor stages of PD has not been established, and its contribution to cognitive dysfunction needs to be elucidated in future studies.




GABA in Anxiety and Depression

Anxiety and depression are common non-motor symptoms of PD, with reported prevalence rates of 20–40% (Chen and Marsh, 2014) and 50% (Reijnders et al., 2008), respectively, and may precede motor signs (Jacob et al., 2010). Notably, RBD patients score worse on anxiety and depression scales than controls and even PD patients (Barber et al., 2017). Although the exact neurobiological mechanisms that underlie anxiety and depression have not been fully elucidated, they seem to be intrinsically interrelated.

Pharmacological studies in both humans and animals have revealed that positive modulators of GABAA receptors are anxiolytic and antidepressant, whereas negative modulators produce anxiogenic and depressive-like effects (Kalueff and Nutt, 2007; Mohler, 2012). Agents that enhance GABAA receptor conductance (e.g., benzodiazepines) and GABA metabolism (e.g., valproate, vigabatrin, and tiagabine) exert anxiolytic effects, and it seems that partial agonists of α2/α3 GABAA receptors, such as TPA-023, may also serve as antidepressants (Mohler, 2012). Furthermore, genetic studies implicate GABA-receptor dysfunction in the risk of developing anxiety and depression (Kalueff and Nutt, 2007). Recent evidence suggest that somatostatin contributes to the pathology of anxiety and depression (Fuchs et al., 2016; Fee et al., 2017), levels of this GABAergic marker being low in cerebrospinal fluid and induced pluripotent cells of PD patients (Dupont et al., 1982; Iwasawa et al., 2019). Nonetheless, there is still a lack of studies exploring the role of somatostatin in anxiety and depressive disorders in PD.




Gastrointestinal Symptoms and GABA Signaling in the Enteric Nervous System

Gastrointestinal disturbances fall within the spectrum of autonomic manifestations of PD patients. Hypersalivation, dysphagia, nausea, gastroparesis, small intestinal dysfunction, slow transit constipation and defecatory dysfunction have been attributed to α-synuclein-mediated small fiber neuropathy of the enteric nervous system (ENS) and to the neurodegeneration of the enteric branches of the vagus nerve in the brainstem (Pfeiffer, 2018). Among the gastrointestinal symptoms, constipation is the most frequent manifestation in PD and recent evidence suggests that it might also be one of the most common disturbances in prodromal PD (Stirpe et al., 2016). A multicenter study of 318 patients with polysomnography-confirmed iRBD concluded that they had substantially more autonomic symptoms than controls (SCOPA-AUT questionnaire), gastrointestinal symptoms being the most prominent domain (Ferini-Strambi et al., 2014). Nonetheless, gastric emptying measured with the 13C‐octanoate breath test showed that only drug‐naïve and early‐stage Parkinson’s disease patients had delayed gastric emptying, authors suggesting that changes in structures modulating gastric motility might not be sufficiently severe in iRBD (Unger et al., 2011).

The last three decades have seen an expansion in the literature on the role of GABA in the control of gastrointestinal function, including mobility and inflammatory responses (Auteri et al., 2015a; Auteri et al., 2015b). GABA has been identified as an important modulator of gastrointestinal tract function. This neurotransmitter can stimulate or inhibit the enteric neurons acting though GABAA or GABAB receptors (Auteri et al., 2015a). Its role is particularly important in the colon, where it modulates the peristatic reflex. On the other hand, enteric inflammation occurs in PD and has been related to the initiation and progression of the disease (Houser and Tansey, 2017). Nonetheless, it has yet to be determined why the production of pro-inflammatory cytokines takes place in the enteric tract. The purinergic system controls enteric inflammation, but GABA also has a major role in immune cell activity and inflammatory events in the gastrointestinal tract (Jin et al., 2013). Topiramate—an anti-epileptic drug that acts as a GABAA agonist—reduces gastrointestinal inflammation in rats (Dudley et al., 2011), identifying GABA as a putative neuroimmune modulator. A better understanding of the relationship of GABA signaling with intestinal motility and inflammation is necessary, however, to reveal a possible functional link between this neurotransmitter, the ENS, and gastrointestinal symptoms of PD.




Final Remarks and Conclusions

Current evidence supports the view that PD is a degenerative disorder that affects multiple systems and presents with several non-motor symptoms. Over recent years, the importance of early, non-motor manifestations of PD has been increasingly recognized, as they may help to identify patients at high risk of developing α-synucleinopathies. Even though the neuronal circuits for motor symptoms are fairly well understood, the pathophysiological mechanisms for perceptual, cognitive, mood and autonomic disturbances of PD remain unclear.

Here, we report evidence consistent with the view that the GABAergic system is altered in PD and may contribute to non-motor symptoms that appear early in disease progression. Nonetheless, the literature in this field is dominated by non-placebo controlled and postmortem studies, generally based on small series and providing low-level evidence. To summarize, based on current findings, PD patients in premotor stages have anxiety and depression and alterations in the olfactory system, visual perception and visuospatial abilities, frontostriatal-related cognition, and gastrointestinal function. The neurobiological correlates of these deficits are unclear, in part because of the complex dynamic interactions between several neurotransmitter systems. Still, the dysfunction of GABAergic neurons in ventral medullary reticular formation seems to be linked to RBD. Moreover, preclinical studies show the relevance of interneurons in odor detection and the causal role of GABA in anxiety and depressive disorders, but we are far from establishing whether this also occurs in PD. On the other hand, disturbance of GABA signaling by pharmacological compounds affects visual processing and cognition, and GABA levels in the visual cortex are low in PD patients with visual hallucinations. It has been also shown that GABA controls gastrointestinal function, although it is not known whether this is associated with the gastrointestinal symptoms reported by PD patients. All these findings suggest that intervening in GABAergic signaling might modulate non-motor manifestations of PD and provide a novel avenue for non-dopaminergic therapy.

Nevertheless, there is a paucity of replication and large case-control studies. Future research should include in vivo longitudinal studies that examine the link between alterations in the GABAergic system and early non-motor symptoms by exploiting advances in PET ligands, magnetic resonance spectroscopy and CSF biomarkers. Preclinical studies might help to investigate the effects of GABA in the pathogenesis of non-motor symptoms, but we suggest that identifying the neurotransmitter deficits that correlate with clinical severity should be the mainstay for guiding future treatment studies.
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Sleep disorders are frequently diagnosed in Parkinson’s disease and manifested in the prodromal and advanced stages of the disease. These conditions, which in some cases affect more than 50% of Parkinson’s disease (PD) patients, include hypersomnia, often manifested as excessive daytime sleepiness, insomnia, characterized by delayed initiation and fragmentation of sleep at night, and disruption of rapid eye movement (REM) sleep, resulting in loss of atonia and dream enactment. Standard dopamine replacement therapies for the treatment of motor symptoms are generally inadequate to combat sleep abnormalities, which seriously affect the quality of life of PD patients. Rodent models still represent a major tool for the study of many aspects of PD. They have been primarily designed to eliminate midbrain dopamine neurons and elicit motor impairment, which are the traditional pathological features of PD. However, rodent models are increasingly employed to investigate non-motor symptoms, which are often caused by degenerative processes affecting multiple monoaminergic and peptidergic structures. This review describes how neurotoxic and genetic manipulations of rats and mice have been utilized to reproduce some of the major sleep disturbances associated with PD and to what extent these abnormalities can be linked to non-dopaminergic dysfunction, affecting for instance noradrenaline, serotonin, and orexin transmission. Strengths and limitations are discussed, as well as the consistency of results obtained so far, and the need for models that better reproduce the multisystemic neurodegenerative nature of PD, thereby allowing to replicate the complex etiology of sleep-related disorders.

Keywords: sleep, rapid eye movement sleep, slow wave sleep, rat, mouse, disease models, 6-hydroxydopamine, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine



Introduction

Since their first description two centuries ago, the symptoms of Parkinson’s disease (PD) have been regularly re-assessed to include a large number of nonmotor conditions affecting both the peripheral and the central nervous system (Chaudhuri and Odin, 2010; Lang, 2011). This has occurred in parallel with the recognition of the complexity of the neurodegenerative processes at the basis of PD, whose definition extends beyond that of a simple dopaminergic disorder. Indeed, accurate analyses of the spread of α-synuclein pathology from the peripheral nervous system, lower brainstem, and olfactory bulb, to the diencephalon, basal forebrain, and neocortex, show that PD affects not only dopamine, but also noradrenaline, serotonin, and acetylcholine containing structures (Braak et al., 2003).

This diversified pathology has been correlated to the gradual appearance of non-motor symptoms. For instance, gastrointestinal, bladder, and olfactory dysfunctions, which are common preclinical features of PD, have been linked to the initial stage of the disease, affecting the autonomic nervous system and olfactory nuclei. Other conditions, including sleep disturbances and affective disorders appear in conjunction with the caudal-rostral spread of α-synuclein deposition to the locus ceruleus, raphe, and lateral tegmental nuclei. Additional non-motor symptoms include cognitive dysfunction, often developing into dementia during the late stages of PD (Chaudhuri and Odin, 2010; Lang, 2011).

Sleep disorders are among the most frequent symptoms observed in PD patients, with a prevalence of 60–70% (De Cock et al., 2008; Barone et al., 2009; Neikrug et al., 2013). They often appear in the early stages of the disease and are considered as markers of prodromal parkinsonism (Schenck et al., 1996; Postuma et al., 2010; Lysen et al., 2019). Sleep-related symptoms in PD consist of a broad spectrum of conditions, which include hypersomnia, the difficulty in initiating and maintaining sleep and disturbances of rapid eye movement (REM) sleep. These disorders progressively worsen in the course of PD and represent a major factor affecting the patient’s quality of life (Maetzler et al., 2009; Neikrug et al., 2013). They are generally refractory to, or exacerbated, by standard anti-parkinsonian medications. In this context, it should be mentioned that impaired synaptic downscaling associated with sleep disruption may promote the emergence of motor complications caused by standard pharmacological therapy (Galati et al., 2015), and that this idea is supported by clinical studies indicating a correlation between disrupted sleep and l-3,4-dihydroxyphenylalanine (L-DOPA)-induced dyskinesia (Mao et al., 2018).

Several studies show that surgical treatment, specifically deep brain stimulation targeting the subthalamic nucleus, ameliorates sleep quality in PD (Arnulf et al., 2000; Antonini et al., 2004; Cicolin et al., 2004; Hjort et al., 2004; Kharkar et al., 2018). This could be explained by the ability of this intervention to counteract motor disturbances (Arnulf et al., 2000), but additional effects possibly exerted on sleep structures cannot be excluded (Kharkar et al., 2018). In spite of these efforts, the progressive deterioration of sleep observed in a large proportion of patients still represents a major problem in the management of PD.

In this review, we describe and discuss current attempts to study PD-related sleep disorders in rodents, which represent the most common experimental animals used to model motor and non-motor symptoms of PD.



Sleep Physiology

Sleep is a natural and reversible state, defined by lack of mobility (or slight mobility) and relative unresponsiveness to internal and external stimuli (Carskadon and Dement, 2017), closely associated with the patient’s general health condition and necessary for optimal cognitive functions (Scammell et al., 2017). In general, a typical sleep period encompasses recurrent cycle successions of two states with distinct physiological characteristics, as assessed by electroencephalography (EEG), and electromyography (EMG): non-REM (NREM) and REM sleep (Chokroverty, 2009). During NREM sleep, the EMG indicates a decrease of muscle activity and the EEG shows a predominance of slow oscillations (0.5–4 Hz). For this reason, NREM sleep is also referred to as slow-wave sleep (SWS). In contrast, the REM phase presents a desynchronized EEG pattern (similar to wakefulness) along with a drastic reduction of muscle tonus (Lee and Dan, 2012).

The sleep-wake brain states and muscle tonus are mainly regulated by the posterior hypothalamus and several nuclei in the brainstem, collectively named ascending activating (or arousal) system (AAS). This system projects to the thalamus, basal forebrain, neocortex, and to the spinal cord (Fuller et al., 2016) and is essential for arousal and wakefulness (Moruzzi and Magoun, 1949). The firing rate of the neural components in the AAS, which consist mainly of monoaminergic and cholinergic neurons, changes along NREM-REM sleep cycles (Jones, 2003). The sleep monoaminergic nuclei complex includes the noradrenergic locus coeruleus (LC) (Carter et al., 2010), the serotonergic dorsal and median raphe nuclei (Ito et al., 2013), the dopaminergic ventral periaqueductal gray matter (vPAG) (Lu et al., 2006), and the histaminergic tuberomammillary neurons (TMN) (Yu et al., 2014). These nuclei present high firing rates during the wake period, lower firing during NREM sleep and are almost silent throughout the REM state. Conversely, the cholinergic neurons, which are clustered in the pedunculopontine (PPT) and lateral dorsal tegmental nuclei, fire rapidly during wake and REM periods but slowly during NREM sleep (Boucetta et al., 2014).

The AAS receives inhibitory inputs from galanin and gamma-aminobutyric acid-ergic (GABAergic) neurons located in the ventrolateral preoptic area (VLPO) and median preoptic nucleus (Suntsova et al., 2007). These hypothalamic neurons present a faster firing rate during sleep and effectively shut down the AAS wake-promoting cells (Sherin et al., 1996; Lu et al., 2002). On the other hand, AAS afferents from the LC and dorsal raphe connect to VLPO neurons that are inhibited by norepinephrine and serotonin (Chou et al., 2002). This reciprocal inhibitory control acts as a feedback loop (neural flip-flop circuit), leading to the alternation and stability of sleep-wake competing states (Saper et al., 2001; Saper et al., 2005). In addition, the AAS includes afferent connections from GABAergic neurons in the substantia nigra pars reticulata and from orexins (orexin-A and orexin-B; also known as hypocretin-1 and 2) containing neurons in the lateral hypothalamus (LH) (de Lecea et al., 1998; Sakurai et al., 1998). While the former induces NREM-REM states via inhibition of dorsal raphe and LC (Liu and Dan, 2019), the later promotes wake and suppresses sleep (particularly REM sleep) (Scammell et al., 2017) by activating LC and TMN (Peyron et al., 1998).

REM sleep is also controlled by means of a mutual inhibition between neuronal circuits located in the mesopontine tegmentum. The sub-laterodorsal nucleus and precoeruleus region comprise the REM-promoting (REM-on) structures. Glutamatergic neurons projecting from these regions regulate the activity of the basal forebrain and medulla, thereby promoting cortical high-frequency paradoxical oscillations and muscle atonia typical of REM sleep. The REM-off nuclei, i.e., vPAG and lateral pontine tegmentum, provide a REM flip-flop switch arrangement via GABAergic inhibition of REM-on nuclei (Peever and Fuller, 2017).

Hypothalamic and brainstem neurotransmitter systems modulate the REM-switch structures and support the sleep cycles. LC noradrenergic and dorsal raphe serotonergic neurons suppress REM sleep by exciting REM-off and inhibiting REM-on areas, whereas lateral dorsal tegmental and PPT cholinergic neurons promote REM by opposite actions on the same REM-on/off populations. Additionally, orexin neurons excite REM-off structures and support sleep-wake stabilization, whereas the VLPO promotes the entry into REM sleep by inhibiting the same targets (Lu et al., 2006; Peever and Fuller, 2017).

Transitions between sleep and wake are thought to be regulated by two main processes—the homeostatic process (process S) and the circadian pacemaker (process C) (Borbély et al., 2016). Prolonged periods of wakefulness are followed by a corrective higher amount of sleep, referred to as sleep rebound. This homeostatic response is mediated by substances (somnogens) that accumulate during the wake periods and dissipate during sleep. One of the best-known somnogens is adenosine, a paracrine mediator produced by the degradation of ATP (Porkka-Heiskanen et al., 1997). Higher extracellular levels of adenosine promote sleep-state by inhibiting the AAS via adenosine A1 receptor (Strecker et al., 2000) and stimulating VLPO via A2 receptors (Scammell et al., 2001). The circadian pacemaker opposes the homeostatic process during the active period of the sleep-wake cycle, via the suprachiasmatic nucleus, which promotes wakefulness via excitation of LH orexin neurons and inhibition of VLPO neurons (Saper et al., 2005).




Sleep Disturbances in Parkinson’s Disease

The progression of PD affects multiple neurotransmitter pathways that extend beyond dopaminergic degeneration in the substantia nigra pars compacta (SNc) (Braak et al., 2004; Surmeier et al., 2017), often comprising structures related to the sleep-wake cycle (French and Muthusamy, 2016). In fact, most PD patients present neuronal cell loss and Lewy bodies in the noradrenergic neurons of the locus coeruleus (Zarow et al., 2003), serotonergic and dopaminergic neurons in medial and dorsal raphe and vPAG (Halliday et al., 1990), as well as cholinergic, histaminergic, and orexinergic neurons in the pedunculopontine nuclei (PPN), TMN, and LH (Zweig et al., 1989; Fronczek et al., 2008; Shan et al., 2012; French and Muthusamy, 2018). Disruptions of these structures and connected circuits are likely to play an important role in sleep disturbances, such as insomnia, excessive daytime sleepiness (EDS), and REM sleep behavior disorder (RBD). In addition to these conditions, sleep in PD is influenced by motor abnormalities, such as restless legs syndrome, which can seriously compromise nocturnal sleep, and breathing disorders, leading to sleep apnea (Mery et al., 2017; Ferini-Strambi et al., 2018). Altogether, these disturbances seriously contribute to fragmented sleep-wake behavior observed in PD.

Insomnia is one of the most common sleep disorders in PD, affecting up to 60% of patients (Gjerstad et al., 2007). It is defined by a repeated difficulty in sleep initiation, duration, consolidation, or quality that occurs despite adequate time or opportunity for sleep (Thorpy, 2009). PD-related insomnia presents a multifactorial etiology and is often manifested as comorbidity rather than a single sleep problem (Ylikoski et al., 2015). The role played in PD-related insomnia by lesions affecting brain structures directly involved in arousal and sleep-wake behavior should not be overlooked. However, a number of motor conditions intrinsic to the disease process or induced by dopamine replacement therapy, such as tremor, restless legs syndrome, nighttime cramps, dystonia, and dyskinesia, play an essential role in the pathophysiology of PD-related insomnia (Arnulf et al., 2000). Similarly, non-motor symptoms including autonomic dysfunction and psychiatric symptoms have also been associated with both insomnia and hypersomnia (Kurtis et al., 2013). Drug-disease interaction is also associated with insomnia in PD patients. For example, D1 and D2 receptors activation by higher doses of dopaminergic medication at bedtime are correlated with poor sleep quality (Chahine et al., 2013).

EDS is diagnosed in 15–50% of PD patients (Ondo et al., 2001) and is characterized by a disabling urge to nod or fall asleep during different daily-life circumstances, with a severe negative impact on the overall quality of life (Arnulf, 2005). The damage in the AAS nuclei is an essential factor in PD related EDS (Arnulf and Leu-Semenescu, 2009), particularly the degeneration of hypothalamic orexin cells (Fronczek et al., 2008), whose activity is crucial for vigilance maintenance (Sakurai, 2007; Ono and Yamanaka, 2017) and for the suppression of pathological intrusions of REM sleep-related events during wakefulness (narcolepsy) (Hara et al., 2001). Additionally, EDS (somnolence) has direct correlation with the dosage of daytime dopamine agonist treatment (Avorn et al., 2005).

RBD is defined by the loss of normal REM atonia with prominent out-of-dreams muscle activation (Schenck et al., 2002), which may result in severe injuries to patients and their family. RBD affects approximately 30% of patients with PD (Barone et al., 2009) and is associated with loss of volume and neuronal degeneration in brainstem REM-on areas (Boeve et al., 2007; Garcia-Lorenzo et al., 2013; Boucetta et al., 2016), which may be caused by the pathological accumulation of α-synuclein (Braak et al., 2004). Additionally, REM-sleep stability may be compromised by multiple degeneration of serotonergic, noradrenergic, cholinergic, and orexinergic nuclei that support and modulate the REM-switching system (Boeve et al., 2007; Fronczek et al., 2007; Garcia-Lorenzo et al., 2013; Boucetta et al., 2016; French and Muthusamy, 2018).




Rodent Models of Parkinson’s Disease for the Study of Non-Motor Symptoms

The multiple neurodegenerative processes potentially involved in non-motor symptoms contrast with the relatively well-established cause at the basis of the cardinal motor symptoms of PD, i.e., the progressive degeneration of dopamine neurons in the SNc, projecting to the dorsal striatum (DS). Because of the traditional view of PD as a motor disorder, the development of experimental models has been centered on the elimination of the dopamine nigrostriatal pathway. This is generally achieved by local or systemic administration of neurotoxins (Tieu, 2011) or by genetic manipulations (Dawson et al., 2010).



Neurotoxin Models of Parkinson’s Disease

Neurotoxin models of PD are commonly based on the use of 6-hydroxydopamine (6-OHDA) (Simola et al., 2007) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Meredith and Rademacher, 2011). These compounds act by inhibiting mitochondrial function and generating reactive oxygen species, ultimately leading to oxidative stress and cell death (Simola et al., 2007; Meredith and Rademacher, 2011). In the mouse, repeated systemic administration of MPTP leads to a substantial loss of dopamine neurons and fibers. Depending on dose and regimen, MPTP has been reported to produce from 20 to 70% neuronal loss in the SNc and from 50 to 90% decrease in dopamine levels in the DS (Jackson-Lewis and Przedborski, 2007; Meredith and Rademacher, 2011).

6-OHDA is typically administered via stereotaxic injection in the medial forebrain bundle (MFB), dopaminergic midbrain nuclei (e.g., SNc) or directly into the DS of rats and mice. The injection in the MFB produces a nearly complete loss of nigrostriatal dopamine, mimicking end-stage PD (Yuan et al., 2005). This approach is normally utilized in combination with a unilateral lesion since a total bilateral elimination of dopamine would result in high mortality. Bilateral lesions are most frequently performed by injecting 6-OHDA in the DS, which leads to a partial loss of dopamine neurons in the SNc and a reduction of striatal dopamine varying between 45 and 75% (Tadaiesky et al., 2008; Branchi et al., 2010; Bonito-Oliva et al., 2013). This latter approach is regarded as a model of early stage PD (Yuan et al., 2005).

Because of its similarity to endogenous catecholamines, 6-OHDA produces a combined degeneration of dopamine and noradrenaline neurons. This has been described in initial studies in rats (Breese and Traylor, 1971) and observed also in the mouse model of partial striatal lesion (Bonito-Oliva et al., 2014). In addition, both 6-OHDA and MPTP have been shown to decrease serotonin levels in the hippocampus (Reader and Gauthier, 1984; Santiago et al., 2010). The ability of these toxins to affect multiple neurotransmitter systems altered in PD, is especially important for the study of non-motor symptoms.



Sleep Disturbances in the 6-Hydroxydopamine Model of Parkinson’s Disease

Rats with a unilateral 6-OHDA lesion of the MFB show decreased sleep time during the light-on, inactive phase of the 24-h light-dark cycle, and increased total wake time assessed during a 24-h recording (Vo et al., 2014). When compared to naïve animals, these animals also show increased muscle activity during REM sleep, which is indicative of RBD-like abnormalities (Vo et al., 2014). Sleep analysis has recently been performed in rats injected unilaterally with 6-OHDA in the SNc, which results in a substantial loss of dopamine neurons (Ciric et al., 2019). This intervention leads to increased number and mean duration of wake episodes assessed by cortical and hippocampal EEG during 6 h within the inactive, light-on period (Ciric et al., 2019). Increased wake time, particularly evident during the 12-h dark period, has also been observed in rats with a selective 6-OHDA lesion of the SNc (Qiu et al., 2016). Conversely, cortical EEG recording in rats injected with 6-OHDA in the lateral ventricle showed decreased wakefulness and augmented SWS (Monti et al., 1999). This difference is likely explained by the more generalized effect on multiple components of the catecholamine system exerted by intracerebroventricular (i.c.v.) administration of 6-OHDA, in comparison to selective stereotactic injections in MFB or SNc (Vo et al., 2014; Ciric et al., 2019).

Sakata et al. investigated the effect of bilateral 6-OHDA lesion of the ventral tegmental area (VTA) on sleep-wake cycles (Sakata et al., 2002). They found reduced REM sleep during the light-on period, in comparison with control rats. The 6-OHDA-lesion rats also displayed reduced wake duration and spontaneous activity accompanied by a significant increase of both REM and SWS (NREM) during the dark phase (Sakata et al., 2002). These findings are in line with some of the disturbances observed in PD patients, who are affected by insomnia at night and daytime sleepiness.

Further studies in rats showed that injection of 6-OHDA in the DS or MFB decreases the number of orexin neurons in the LH (Cui et al., 2010; Oliveira et al., 2018), thereby reproducing a similar damage described in PD (Maeda et al., 2006; Thannickal et al., 2007). This loss was paralleled by reduced baseline respiratory frequency during sleep in the light-on period (Oliveira et al., 2018), a condition reminiscent of breathing disturbances and sleep apnea observed in PD patients (Mery et al., 2017; Videnovic, 2017). The same 6-OHDA lesion did not affect the sleep-wake cycle (Oliveira et al., 2018). This contrasts with previous work in which LH orexinergic neurons were preferentially targeted using a neurotoxin acting through the ribosome-inactivating protein saporin (hypocretin2-saporin) (Gerashchenko et al., 2001). In this case, the authors found increased NREM and REM sleep during the dark, active phase, and sleep fragmentation leading to reduced number of REM sleep episodes during the light-on phase (Gerashchenko et al., 2001). Similar changes of REM and NREM sleep in the light-off period, were observed using a cycad toxin-based PD model (see below), which leads to a significant reduction in orexin neurons (McDowell et al., 2010). It should be noted however that in the 6-OHDA study EEG recordings were performed during the last 3 h of the light period and the first 3 h of the dark period (Oliveira et al., 2018), instead of the more appropriate 24-h continuous recordings, as in the previous studies using saporin or cycad (Gerashchenko et al., 2001; McDowell et al., 2010).

Urethane anesthesia is characterized by alternations of oscillatory states which resemble REM-NREM cycling during natural sleep. Despite the obvious limitation of this approach, a number of studies have performed electrophysiological recordings in rodents under urethane to test mechanistic and functional hypothesis related to sleep-like states (Clement et al., 2008; Gonzalez-Rueda et al., 2018; Hauer et al., 2019). Resting-state functional magnetic resonance has been recently employed to examine modifications of functional connectivity in urethane-anesthetized rats with a unilateral partial striatal 6-OHDA-lesion (Zhurakovskaya et al., 2019). In this study, REM- and NREM-like sleep states were identified based on their association with high and low breathing rates, respectively (Pagliardini et al., 2012; Zhurakovskaya et al., 2019). Rats with a 6-OHDA lesion showed diminished intra-cortical, cortico-hippocampal, and striato-cortical functional connectivity, in comparison to naïve, or sham-lesion rats. Notably, these abnormalities were observed only during REM-like sleep (i.e., during states associated with high breathing rate), and may point toward changes in muscle tone suggestive of RBD (Zhurakovskaya et al., 2019). However, it remains to be established whether these alterations of connectivity can also be observed during sleep.




Sleep Disturbances in the 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Model of Parkinson’s Disease

Sleep disruptions have also been observed in the MPTP model of PD. However, these alterations are transitory, which could be ascribed to limited or reversible neuronal loss, as well as to parallel compensatory effects (Johannessen et al., 1985; Saitoh et al., 1987; Bezard et al., 2000). Mice treated with five daily injections of MPTP (25 mg/kg) showed increased REM sleep during the 24-h light/dark cycle, in comparison to control. However, this effect was observed only 20 days after toxin injection and disappeared 40 days post MPTP (Monaca et al., 2004; Laloux et al., 2008). Interestingly, the reduction of dopamine neurons produced by MPTP, which was restricted to the SNc and amounted to approximately 30%, remained constant for up to 60 days, suggesting the existence of mechanisms correcting for the neuronal loss produced by the toxin (Laloux et al., 2008). In contrast to the aforementioned work, EEG analysis performed in mice 14 days after a single injection of MPTP (40 mg/kg), reported increased wake, and decreased NREM sleep during the light-off period, but no change in REM sleep. In this study, however, MPTP produced a large reduction of dopamine neurons in both SNc (78%) and VTA (54%) (Revishchin et al., 2016).

A study in the rat, examined the effect on sleep patterns of local injection of MPTP in the SNc, leading to a temporary (24 h) 50% decrease of tyrosine hydroxylase (a marker of dopamine neurons) (Lima et al., 2007). The authors observed a decrease in the latency to SWS onset during both the light-on and light-off periods, which lasted for up to 5 days following MPTP administration. This change was accompanied by increased sleep efficiency and may represent a surrogate marker of daytime sleepiness in PD. The same study also reported a significant increase in the latency to REM sleep in the MPTP rats compared to control animals. However, this disturbance was transient and disappeared 3 days after the administration of MPTP (Lima et al., 2007).




Sleep Disturbances in Other Toxin-Based Models of Parkinson’s Disease

Chronic administration of rotenone, a natural compound commonly used as a pesticide, leads to a significant degeneration of SNc dopamine neurons accompanied by α-synuclein inclusions (Betarbet et al., 2000; Alam and Schmidt, 2002). Working with a rotenone-based rat model of PD, Yi et al. reported increased SWS and REM sleep during the light-off active period and decreased SWS during the light-on period (Yi et al., 2007). These modifications, which are suggestive of PD-related daytime sleepiness and nighttime insomnia, were largely refractory to L-DOPA. Notably, the effect of rotenone was accompanied by increased hypothalamic levels of interleukin-1β, a cytokine previously shown to promote REM and NREM sleep (Krueger, 2008). In line with this observation, i.c.v. administration of the endogenous interleukin-1 receptor antagonist (IL-1RA) counteracted the changes in SWS produced by rotenone during both the active and inactive 12-h periods (Yi et al., 2007). A word of caution should be spent concerning the solution (1:1 DMSO/PEG) commonly used to dissolve rotenone. In one study, this vehicle precluded a conclusive interpretation of the results, since it produced sleep anomalies that occluded those possibly caused by the neurotoxin (Garcia-Garcia et al., 2005); but see (Yi et al., 2007). For this reason, particular care should be taken to include appropriate controls when employing the rotenone model.

In the rat, consumption of seeds from the plant Cycas micronesica (cycad) results in degeneration and accumulation of α-synuclein aggregates in dopaminergic and noradrenergic neurons of the SNc and LC (Shen et al., 2010). Sleep analysis performed in this model reported increased NREM and REM sleep during the active 12-h phase. These changes were associated with increased average duration of NREM sleep and increased number of REM episodes (McDowell et al., 2010). Notably, the same study also reported a reduction in the number of orexin neurons in the LH of cycad-fed rats (McDowell et al., 2010), a change which is in line with previous work in orexin depleted rats (Gerashchenko et al., 2001) and may contribute to the observed sleep abnormalities.

Gerashchenko et al. utilized the hypocretin2-saporin neurotoxin (see Sleep Disturbances in the 6-Hydroxydopamine Model of Parkinson’s Disease) (Gerashchenko et al., 2001) to lesion substantia nigra and VTA, thereby eliminating a large proportion of neurons (dopaminergic and non-dopaminergic) in both regions (Gerashchenko et al., 2006). In the substantia nigra, but not in the VTA, this intervention led to increased wakefulness and reduced amounts of NREM and REM sleep during light-on and light-off periods. These results are indicative of insomnia and are in part consistent with findings in rats with a selective dopamine lesion of SNc (see Sleep Disturbances in the 6-Hydroxydopamine Model of Parkinson’s Disease and Sleep Disturbances in the 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Model of Parkinson’s Disease) (Lima et al., 2007; Ciric et al., 2019).





Genetic Models of Parkinson’s Disease

Genetic models are commonly obtained by overexpressing genes linked to PD, or mutations implicated in autosomal-dominant or recessive forms of the disease. Additional approaches include interventions disrupting mitochondrial function or specific transcription factors (Dawson et al., 2010; Chesselet and Richter, 2011). These strategies allow the study of effects produced by molecular modifications implicated in familial forms of PD, and to reproduce the accumulation of α-synuclein, which is a hallmark of PD absent in 6-OHDA- or acute MPTP-based models (Dawson et al., 2010; Tieu, 2011). The neuronal loss observed in genetic models of PD is generally less pronounced in comparison to that achieved with neurotoxins, particularly 6-OHDA (Dawson et al., 2010; Chesselet and Richter, 2011). However, this does not necessarily represent a limitation to their use, since PD related sleep disorders are often manifested during the early phase of the disease.

In the mouse, overexpression of human α-synuclein driven by the Thy-1 promoter (Thy1-αSyn) leads to a progressive disruption of the nigrostriatal pathway, resulting in a 40% decrease of striatal dopamine (Chesselet et al., 2012). McDowell et al. examined sleep structure in Thy1-αSyn mice and found reduced REM sleep during the 24-h sleep-wake cycle, accompanied by increased NREM sleep during the light-on, inactive period (McDowell et al., 2014). The same authors also observed increased activity during the light-off, wake phase (McDowell et al., 2014). However, analysis of circadian rest-activity performed in Thy1-αSyn mice reported reduced wheel-running particularly pronounced during dark (Kudo et al., 2011). This discrepancy may be accounted for by the different parameters employed to assess the active state of the animals, i.e., whole-body movements detected by telemetry (McDowell et al., 2014) vs. wheel-running (Kudo et al., 2011). Notably, both EEG (McDowell et al., 2014) and visual (Kudo et al., 2011) analysis of Thy1-αSyn mice revealed a delay in sleep onset, although during different phases of the 24-h light-dark period.

Circadian rhythm has been also examined in the MitoPark mouse model of PD, in which dopamine neurons are progressively eliminated by selective impairment of mitochondrial function (Ekstrand and Galter, 2009). MitoPark mice showed a general reduction of locomotor activity in concomitance with the gradual loss of dopamine neurons, accompanied by a severe disruption of circadian rhythm in constant darkness (Fifel and Cooper, 2014). A similar loss of endogenous rhythmicity has been observed in neurotoxin models of PD based on striatal (Masini et al., 2017) or ventricular (Gravotta et al., 2011) injection of 6-OHDA. Further studies will be necessary to understand the mechanisms at the basis of these abnormalities as well as their impact on sleep function and architecture.

Mice with reduced (95%) levels of the vesicular monoamine transporter 2 (VMAT2) undergo nigrostriatal dysfunctions affecting the dopaminergic system, which replicate key pathologic features of PD (Caudle et al., 2007). This model displays a number of non-motor symptoms associated with PD, including anomalies of circadian and sleep function (Taylor et al., 2009). VMAT2-depleted mice show reduced ambulation during the active phase of the circadian period (Taylor et al., 2009). They also show a reduced latency to behavioral signs of sleep (Taylor et al., 2009), which contrasts with the delayed sleep onset observed in Thy1-αSyn mice (Kudo et al., 2011; McDowell et al., 2014). Notably, VMAT2-deficient mice show a concomitant reduction of dopamine, noradrenaline, and serotonin in striatum, hippocampus, and cortex (Taylor et al., 2009), which collectively may contribute to the wide range of non-motor symptoms observed in this model.

Altogether, the different findings reported in genetic models of PD fail to provide a coherent representation of one or more specific sleep alterations associated with PD. Aside from the contrasting effects on activity state observed in Thy1-αSyn mice, which may be attributable to different methodological approaches (see above), these inconsistencies are possibly a consequence of distinct genetic strategies (overexpression of α-synuclein as opposed to downregulation of VAMT2), which may produce unique alterations besides those affecting the dopaminergic system.






Conclusions and Perspectives

Rodent models represent a simple and versatile tool to study not only the classic motor symptoms and complications (i.e., dyskinesia) of PD, but also a number of non-motor co-morbidities. Nonetheless, the development of rat and mouse models of PD-related sleep disturbances has lagged behind in comparison, for instance, to affective and cognitive symptoms. The reason for this lies in part in the complexity of sleep-related disorders, both with regard to their behavioral manifestation and their relationship to distinct cellular and anatomical substrates. The difference in sleep architecture between rodents and humans represents an additional obstacle when interpreting results. In this regard, modeling PD in non-human primates constitutes a clear advantage, since in these animals, sleep structure and EEG patterns closely reproduce the consolidated, monophasic organization observed in humans (Hsieh et al., 2008), which contrasts with the more dispersed distribution of sleep states in rodents (Fifel et al., 2016).

A critical issue related to rat and mouse models, and more in general to all current animal models, is the difficulty to recapitulate the diversified nature of the degenerative processes at the basis of PD, thereby offering the possibility of examining the concomitant involvement of multiple neurotransmitter systems in sleep alterations. Thus, it is not surprising that rodent models of PD do not reproduce the full spectrum of sleep abnormalities associated with PD. However, in spite of these limitations some of these ailments have been reproduced in rats (Table 1). For instance, decreased SWS during the quiescent period, suggestive of insomnia, has been described after 6-OHDA-lesion of the MFB (Vo et al., 2014) and in the rotenone model (Yi et al., 2007). Moreover, 6-OHDA-lesion of the VTA (Sakata et al., 2002), as well as administration of rotenone (Yi et al., 2007), or cycad toxin (Shen et al., 2010) increase NREM and REM sleep during the active phase of the circadian cycle, which is indicative of EDS. These results are in line with the analysis of rest-wake circadian rhythm in mice with a bilateral striatal 6-OHDA-lesion, which show decreased activity during the active 12-h period (Masini et al., 2017).



Table 1 | Sleep disturbances in neurotoxin and genetic rodent models of Parkinson’s disease.
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Modifications in sleep architecture have also been observed in mice and rats intoxicated with MPTP (Monaca et al., 2004; Lima et al., 2007; Laloux et al., 2008; Revishchin et al., 2016) (Table 1). However, MPTP-based approaches have failed to provide consistent results and are often observed only during a limited period of time following administration of the toxin (Lima et al., 2007; Laloux et al., 2008). This limited efficacy is in line with the lack of alterations of circadian locomotor activity rhythm reported in mice following acute or chronic treatment with MPTP (Fifel et al., 2013).

How can rodent modeling of sleep disorders in PD be improved? Overall, a general effort should be made to refine and harmonize the different approaches used to generate neurotoxin-based models. In the case of 6-OHDA, for instance, rats have been treated with i.c.v. injection, unilateral and bilateral injections in MFB, distinct midbrain dopaminergic nuclei (i.e., SNc and VTA), or in the striatum (see Table 1). Moreover, some studies (Sakata et al., 2002; Vo et al., 2014) have used pretreatment with desipramine, a selective inhibitor of noradrenaline reuptake. The different degree of dopamine and noradrenaline depletion produced by these interventions may cause distinct effects in sleep behavior, thereby contributing to discrepancies and confounding interpretations.

Combined loss of dopamine, noradrenaline, and to some extent functional inactivation of serotonin has been achieved with neurotoxins (Breese and Traylor, 1971; Reader and Gauthier, 1984; Santiago et al., 2010; Bonito-Oliva et al., 2013). In addition, 6-OHDA has been found to reduce the number of orexin/hypocretin neurons in the LH (Cui et al., 2010; Oliveira et al., 2018). Therefore, some of the sleep abnormalities observed in rodent models of PD may depend on the loss, or impairment, of one or more of these components of the arousal system. However, several key structures implicated in sleep regulation, including cholinergic and histaminergic nuclei, are spared by neurotoxin or genetic interventions. Therefore it will be important to strengthen construct validity of rodent models by establishing a more stringent link between the observed sleep abnormalities and PD-related biological dysfunctions.

The limitation posed by the relatively restricted neurodegenerative effects observed in most experimental models has been in part circumvented by acting on specific targets. For instance, bilateral injection of ibotenic acid in the PPN has been proposed to represent a model of PD cholinopathy (Ciric et al., 2018). In the rat, this intervention results in altered microstructure of both NREM and REM sleep during the inactive phase (Ciric et al., 2018). However, the neurotoxic effect exerted by ibotenic acid in the PPN is likely to affect not only cholinergic neurons, but also glutamatergic and GABAergic cells.

Chemo- and optogenetics techniques offer a particularly attractive approach to parse the involvement of neuronal networks in PD-related sleep-wake disturbances. For instance, using selective expression of designer receptor exclusively activated by designer drugs (DREADD) (Alexander et al., 2009), Kroeger et al. showed that distinct neuronal populations in the PPN regulate different aspects of sleep-wake behavior (Kroeger et al., 2017). Similar approaches, including optogenetic manipulation, showed that the dopamine neurons of the VTA are required for the initiation and maintenance of wakefulness (Eban-Rothschild et al., 2016; Oishi et al., 2017). Notably, these findings are in line with results obtained in rats with a selective 6-OHDA lesion of the VTA, which display decreased wakefulness during the active, light-off phase (Sakata et al., 2002).

Opto- and chemogenetic interrogation has also been employed to investigate the role in sleep of a population of dopamine neurons located in the dorsal raphe. These cells degenerate in PD (Halliday et al., 1990), but their involvement in non-motor symptoms remains to be in large part assessed. Cho et al. showed that ontogenetic stimulation of these dopamine population induces and maintains wakefulness and that vice versa their chemogenetic inhibition counteracts wakefulness and increases NREM sleep (Cho et al., 2017). In another study, Qiu et al. clarified the contribution to sleep of the external globus pallidus, whose activity is reduced in PD. It was found that, in the rat, activation of this structure resulted in enhanced sleep, possibly mediated via inhibition of cortical regions involved in the regulation of arousal nuclei (Qiu et al., 2016).

Recent evidence provides an attractive approach to reproduce the path of PD progression described by Braak et al. (2003). Injection of α-synuclein pathological fibrils in the gut muscle layer, leads to the spread of Lewy bodies from the peripheral nervous system, through the vagus nerve, to the brain, followed by loss of dopamine neurons (Kim et al., 2019). These effects are accompanied by motor impairment and by non-motor symptoms, including cognitive and affective deficits (Kim et al., 2019). The widespread distribution of α-synuclein fibrils, which are observed in several structures including the LC, suggests the potential use in the future of this or similar models for the study of sleep-related co-morbidities in PD.

One particularly interesting aspect of sleep disorders in PD is their potential impact on other frequent non-motor symptoms, such as cognitive and affective disorders. Indeed, cycling and coordinated transition of NREM and REM sleep are implicated in learning and memory processes (Moroni et al., 2014; Boyce et al., 2016). The synchronous activation of hippocampal pyramidal neurons during sleep results in the propagation of information throughout the neocortex, thereby leading to memory consolidation (Buzsaki, 1989). Depression has also been correlated to reduced SWS and increased duration and intensity of REM sleep (Riemann et al., 2001). The existence of a causative link between PD-related sleep disruptions and psychiatric co-morbidities remain to be further investigated. In this regard, it should be mentioned that memory deficit, depression, and anxiety are commonly observed in rodent models of PD, which may therefore represent valuable tools to help clarifying some of these questions.
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Striatal cholinergic interneurons (CINs) are the main source of acetylcholine in the striatum and are believed to play an important role in basal ganglia physiology and pathophysiology. The role of CINs in striatal function is known mostly from extracellular recordings of tonically active striatal neurons in monkeys, which are believed to correspond to CINs. Because these neurons transiently respond to motivationally cues with brief pauses, flanked by bursts of increased activity, they are classically viewed as key players in reward-related learning. However, CIN modulatory function within the striatal network has been mainly inferred from the action of acetylcholine agonists/antagonists or through CIN activation. These manipulations are far from recapitulating CIN activity in response to behaviorally-relevant stimuli. New technical tools such as optogenetics allow researchers to specifically manipulate this sparse neuronal population and to mimic their typical pause response. For example, it is now possible to investigate how short inhibition of CIN activity shapes striatal properties. Here, we review the most recent literature and show how these new techniques have brought considerable insights into the functional role of CINs in normal and pathological states, raising several interesting and novel questions. To continue moving forward, it is crucial to determine in detail CIN activity changes during behavior, particularly in rodents. We will also discuss how computational approaches combined with optogenetics will contribute to further our understanding of the CIN role in striatal circuits.
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Introduction

The striatum is a brain region containing high levels of acetylcholine (ACh), muscarinic receptors, and other ACh-related markers (Weiner et al., 1990; Hersch et al., 1994). Cholinergic interneurons (CINs) are the main source of ACh in the striatum [but see (Dautan, 2014)]. Despite their small numbers (1–3% of all striatal cells) and scattered distribution throughout the striatum, CINs have dense terminal fields that overlap those of dopaminergic projections coming from the substantia nigra pars compacta (Bolam et al., 1984). CINs contact the two populations of striatal output neurons (also called medium spiny neurons, MSNs) that express either the dopamine D1 or D2 receptors. While most striatal neurons are not autonomously active, CINs exhibit a regular spiking activity in absence of any synaptic inputs (Bennett et al., 2000). Extracellular recordings performed in vivo in the striatum of monkeys also reveal the presence of tonically active neurons (TANs), which are thought to correspond to CINs (Aosaki et al., 1995). Hence, the morphofunctional features of CINs—mainly their extensive arborization primarily directed to MSNs and their tonic activity—place them as potent modulators of striatal output. Striatal output regulation is a fundamental process of the basal ganglia functioning, as a balanced activity between D1 and D2 MSNs is required to ensure correct motor and cognitive behaviors.

The improvement of parkinsonian tremor by both dopaminergic agonists and anticholinergic drugs led to the dopamine (DA)-ACh balance hypothesis, where DA and ACh are believed to play opposite roles in the striatum (Barbeau, 1962). Even though the prescription of anticholinergic drugs has been phased out due to their side-effects, this long standing clinical observation underlines the functional impact of ACh as the level of DA falls and has often led to the consideration of Parkinson’s disease (PD) as a hypercholinergic disorder [but see (McKinley, 2019)]. There is indeed compelling evidence showing that DA depletion triggers complex alterations in striatal cholinergic signaling, activity, and connectivity (Aosaki, 1994; Raz, 2001; Ding, 2006; Salin, 2009). However, there is no consensual view explaining how CINs contribute to motor symptoms and abnormal network dynamic in PD.

At the cellular level, CIN modulation of the striatal network has been mainly inferred from the action of ACh agonists or through CIN activation. While nicotinic receptors (nAChRs) are expressed by interneurons and extrinsic afferent terminals, MSNs respond to ACh exclusively via muscarinic receptors (mAChRs): M1 receptors are present on D1 and D2 MSNs and M4 receptors are preferentially expressed by D1 MSNs. Activation of mAChRs modulates an array of voltage-gated channels and intracellular pathways in MSNs. Determining the combinatorial effect of these actions, potentially even opposing each other, is highly challenging and has recently been covered at length by excellent recent reviews (Tanimura, 2018; Ztaou and Amalric, 2019; Abudukeyoumu et al., 2019). A hallmark of CINs is their continuous tonic activity, which is expected to lead to a high level of ACh in the striatum, and the stereotypical bursts and pauses activity that they acquire during sensorimotor learning (Apicella, 2007). We can assume that a drop in ACh release, as expected to happen after a brief decrease in firing, conveys meaningful information to the striatal network. A recent hypothesis proposes that the pause would open a permissive temporal window during which corticostriatal synaptic plasticity occurs (Deffains and Bergman, 2015). However, it is still unclear how inhibition of CIN activity shapes striatal properties. Here, we review the related literature and show how optogenetic and computational approaches may contribute to further our understanding of this topic.



Consequences of Cholinergic Interneuron Inhibition on Striatal Properties

The widespread excitatory input from the cortex targeting D1 and D2 MSNs sets the activity of the direct and indirect striatofugal pathways which play a fundamental role in movement planning and action selection. Understanding how CINs modulate the dynamics of corticostriatal processing and MSN activity is therefore essential to uncover basal ganglia function. Cholinergic modulation of long-term corticostriatal plasticity has been addressed in excellent reviews (Lovinger, 2010; Lerner and Kreitzer, 2011) and will not be further discussed here.

The effects of cholinergic antagonists on corticostriatal transmission might provide interesting insights to predict how a pause in CIN firing impacts striatal output. It was reported that atropine, a broad mAChRs antagonist, or methoctramine, at a concentration that blocks M2 and M3 mAChRs, lead to a modest increase in corticostriatal transmission via the inhibition of mAChRs located on the glutamatergic terminals, suggesting the existence of tonic cholinergic presynaptic inhibition (Pakhotin and Bracci, 2007). On the other hand, pirenzepine, a blocker of M1 mAChRs, reduces corticostriatal transmission (Wang, 2006; Tozzi, 2011). In these last two studies, the authors suggest that lowering M1 mAChR activity in MSNs leads to the opening of L-type Ca2+ channels, which then triggers endocannabinoids release. Endocannabinoids are then able to reduce glutamate transmission by activating presynaptic CB1 receptors. Hence, mAChRs inhibition could exert opposite actions on basal corticostriatal transmission depending on their pre- or postsynaptic localization. Nicotinic α7 receptors have been described on cortical glutamatergic terminals but whether these receptors directly modulate corticostriatal transmission is still unclear (Howe et al., 2016).

One of the caveats of pharmacological experiments is that they do not allow to assess the effects of endogenous ACh that depends on the temporal dynamic of CIN firing. Moreover, CINs might co-release glutamate and GABA along with ACh, with effects that cannot be apprehended through this approach (Higley et al., 2009; Lozovaya, 2018). Optogenetic manipulations, enabling control of electrical activity in specific cell types with high temporal accuracy, can provide substantial insights into these issues. Here, we review the few studies showing the impact of optogenetic inhibition of CIN activity in the dorsal striatum. In vitro, we and others have shown that inhibition of CIN firing with halorhodopsin (eNpHR) is associated with a decrease in D1 and D2 MSN excitability that might involve a lowering of M1 mAChRs activation (Maurice, 2015; Zucca et al., 2018). In anaesthetized mice, opto-inhibition of eNpHR-expressing CINs was also reported to decrease MSN activity by hyperpolarizing their membrane potential and increasing the duration of down states (Zucca et al., 2018). In contrast, eNpHR-induced inhibition of CIN firing in freely moving mice did not alter MSN activity (English, 2011). In this last study, it is the rebound of action potentials occurring at the end of the eNpHR-induced hyperpolarization that triggered a decrease in MSN firing. Interestingly, despite the cellular effect induced by this pause-rebound, it was not followed by any detectable behavioral responses (English, 2011). This is in agreement with other works showing that opto-inhibition of CIN firing does not affect locomotion, anxiety‐like behavior, social memory recognition, and visuospatial object recognition (Maurice, 2015; Ztaou et al., 2018). In contrast, the behavior of PD mice, which perform poorly in all these tests, is improved by CIN silencing (Maurice, 2015). Restoring the balance between the striatofugal pathways at the level of the substantia nigra pars reticulata might be one component of the positive effect of CIN inhibition in parkinsonian condition (Maurice, 2015).

What conclusions can we draw from this brief overview? Obviously, more work is needed to understand how CIN inhibition shapes striatal output and modulates basal ganglia-related behavior. The conflicting effects of CIN firing inhibition on MSN activity and the lack of clear behavioral response in normal mice can be interpreted in different ways: (i) the light parameters (i.e. light duration, pattern or timing delivery) used to manipulate CIN firing are not physiologically relevant, (ii) CINs do not impact basal ganglia-related behaviors in physiological conditions and/or (iii) the behavioral tasks used are not appropriate to reveal CIN functions in rodents. What we know about the function of CINs comes from studies carried out in primates, describing the correlative changes in electrical activity of presumed-CINs during behavior. Optogenetics, mainly applied in rodents for technical reasons, is perfectly suited to go beyond correlational analysis and to investigate the causal implication of CINs in behavior. However, we first need to accurately describe the firing properties of these cells in rodents to be able to manipulate their activity in an appropriate way.



Activity of Cholinergic Interneurons During Behavior

The identification of CINs in behaving animals is usually based on their unique in vivo extracellular firing activity (i.e. tonically active at 5 spikes/s, sometimes in a burst mode) and broad spike waveform (i.e. spike duration > 2 ms). These electrical properties are easily distinguishable from all the other striatal cell populations and represent a good signature of CINs as confirmed later by in vivo juxtacellular labelling (Inokawa et al., 2010; Sharott et al., 2012). Using these classification criteria, early studies first defined the pattern of CINs activity during classical conditioning. In these experiments, animals have to learn the association between a neutral stimulus (i.e. often a tone) and an unexpected reward. In this context, CINs classically respond with a pause in firing that occurs shortly after the conditioned stimulus and lasts around 200 ms. This pause can also be preceded and/or followed by excitatory burst responses (Kimura et al., 1984; Aosaki, 1994; Apicella, 2017). Interestingly, this stereotypical pause appears during learning (Aosaki, 1994) and is time-locked to the response of nigral dopaminergic neurons (Morris et al., 2004). It is also dependent on the integrity of both dopaminergic neurons (Aosaki et al., 1994; Raz et al., 1996) and glutamatergic inputs coming from the intralaminar thalamus (Matsumoto et al., 2001).

What is not yet clear is whether the pause and burst components carry different signals used to underlie specific functions (Apicella, 2002; Apicella, 2007). Importantly, these activity patterns are mostly synchronized in the CINs population (Raz et al., 1996) such that they might efficiently translate into global change of striatal ACh level, providing a temporal window for complex pre- and post-synaptic modifications of striatal network and plastic changes (Deffains and Bergman, 2015; Cox and Witten, 2019). As a consequence, the pause response of CINs is considered as a key cellular substrate for reward-based learning, and may be particularly important for stimulus-response and action-outcome associations. The exact cellular and network explanations underlying the generation of the pause/burst firing responses are not known precisely. Multiple mechanisms have been proposed to generate these responses. They all have in common the capacity to broadcast efficiently the information to spatially-distributed CINs (Goldberg and Reynolds, 2011; Schulz and Reynolds, 2013; Zhang and Cragg, 2017). Such broadcast mechanisms include:



	a) a change in intrinsic excitability driven by excitatory synaptic inputs (Oswald et al., 2009; Ding et al., 2010; Doig et al., 2014; Zhang et al., 2018; Reynolds et al., 2004). This scenario has been well described for cortical and intralaminar nucleus thalamic inputs but whether it can occur from any other known glutamatergic sources [such as the one coming from the pedonculopontine nucleus (Assous et al., 2019)] remained to be addressed.


	b) a putative effect of DA directly onto CINs (Yan et al., 1997; Maurice, 2004; Yan and Surmeier, 1997).


	c) a cholinergic input coming from the pedunculopontine and laterodorsal tegmental nuclei that synapse preferentially with CINs and give rise to excitatory responses (Dautan, 2014; Dautan, 2018).


	d) a direct inhibitory inputs coming from striatal GABAergic interneurons surrounding MSNs (Gonzales et al., 2013). Activation of one CIN is, for example, able to inhibit the firing of nearby CINs via nicotinic excitation of striatal GABAergic interneurons. This microcircuit allows a widespread inhibition of CINs by recurrent inhibition (Sullivan et al., 2008; Faust et al., 2016).






Also, external sources such as GABAergic neurons from the midbrain, or from the globus pallidus (GP), or from unknown origin might also synchronize CIN population (Zhang and Cragg, 2017). Among these GABAergic sources, the inhibitory inputs coming from GP neurons appear to be functionally efficient at inducing a pause in CINs (Klug et al., 2018). However, it is important to mention that the pallido-striatal inputs could originate from two main populations of GP neurons, namely the prototypic and the arkypallidal neurons (Mallet, 2012), and that the respective contribution of arkypallidal or prototypic neurons in the CIN pause response have not yet been assessed. That being said, anatomical evidences would argue that arkypallidal neurons represent a good cellular substrate to generate a synchronized pause in CIN firing. Indeed, arkypallidal neurons provide widespread striatal GABAergic inhibition (Mallet, 2012; Mallet, 2016) that densely target, with “basket-like” perisomatic contacts, the soma and proximal dendrites of CINs (Mallet, 2012). It should also be noted that CINs represent preferential targets for arkypallidal neurons, as suggested by the larger number of apposition that a single-labeled arkypallidal cells make onto CINs (Mallet, 2012). Altogether, we propose that GABAergic arkypallidal neurons constitute a powerful mechanism to generate synchronized inhibitory responses in CINs population. Whether this arkypallidal-CINs circuit is part of a feed-back or a feed-forward loop is not known but should be addressed in future studies.

Apart from the classical conditioning experiments, the contribution of CIN activity has also been tested during operant tasks. In these experiments, the animal has to execute an action to obtain a reward. These studies have revealed the involvement of CINs in more complex behavioral aspects such as contextual (Apicella, 2007), temporal (Morris et al., 2004), goal-directed action (Bradfield et al., 2013), sensori-motor gating (Ding et al., 2010), movement control/modulation (Yarom and Cohen, 2011; Nougaret and Ravel, 2015; Lee et al., 2006), and action inhibition (Lee et al., 2006). Interestingly, the expression of the pause in CIN firing is largely dependent on the behavioral task paradigm (Benhamou et al., 2014). This might actually explain some of the discrepancies originally found between monkey and rodent recordings.

In addition, recent works have taken advantage of transgenic ChAT-Cre mice to genetically identify CINs and record their activity with two-photon calcium imaging and fiber photometry, during spontaneous locomotion in head-fixed animals (Gritton, 2019; Howe, 2019; Rehani, 2019). In doing so, novel features of CIN contributions to global locomotion control have been described. In particular, one study found that CINs increase their activity during behavioral state transition, and could thus favor the transition from one behavioral state to another (Howe, 2019). Alternatively, CINs activation can reduce ongoing movement while synchronizing the activity of MSNs (Gritton, 2019). This synchronizing effect on striatal neurons is a remarkable feature especially considering that excessive expression of synchronized oscillatory activity in the beta frequency band (12–30 Hz) is a hallmark associated with PD and possibly linked to akinesia/bradykinesia in PD patients (Brown, 2007) [but see (Nambu et al., 2015; McGregor and Nelson, 2019)]. This further adds to the view that CIN dysfunctional activity contributes to the pathophysiology of PD. Indeed, there is good evidence to suggest that the loss of DA in the striatum modifies the cholinergic signalling (Tanimura, 2018; McKinley, 2019; Ztaou and Amalric, 2019) and increases the correlated activity between CINs (Raz, 2001). Although the minimal neuronal circuit generating the parkinsonian beta synchronizations in basal ganglia circuits are not known, it is possible that CIN activity represents a good candidate to promote synchronized activity in these neuronal networks. Indeed, cholinergic agonist infusion in the striatum (McCarthy, 2011) and optogenetic excitation of CINs (Kondabolu, 2016) can induce an increase in the expression of beta oscillations. In addition, CINs opto-excitation in normal animals generates parkinsonian-like motor deficits (Kondabolu, 2016) while CINs opto-inhibition in PD mice decreases motor symptoms (Maurice, 2015).



Exploring Cholinergic Interneurons Functions in Basal Ganglia Network: Contribution of Computational Modeling

CINs modulate striatal activity during behavior. A theoretical study of the putative function of these neurons in motor learning and their possible role in pathophysiology through modeling could drive experimentally testable predictions and thereby guide further experimental investigation. Previous modeling efforts involving CINs remain relatively sparse. They range from simulating intracellular and ion-channel dynamics linked to cholinergic signaling to the effect of CIN activity modulation on behavior.

On the microscopic scale, two modeling studies have highlighted the tight coupling between DA neurons and CINs due to the dopaminergic modulation of both the intrinsic currents generating tonic firing (Aosaki et al., 1998; Maurice, 2004; Wilson and Goldberg, 2006; Deng et al., 2007) and the external inputs to CINs (Nicola et al., 2000; Pisani et al., 2000). Szalisznyó and Müller (2009) analyzed conductance-based changes in CIN subthreshold oscillations induced by DA and predicted that DA can switch CINs between stable oscillatory and fixed-point behaviors, with opposing effects of D1- and D2-type dopamine receptors. Tan and Bullock (2008) have shown that DA inputs robustly cooperate with thalamic inputs to control cue-dependent CIN pauses. Thereby, DA strongly affects performance- and learning-related dynamics in the striatum. The DA-CINs coupling could explain the adaptively scaled DA burst and the CIN burst and pause observed experimentally in response to reward-predicting cues. These changes would thus not necessarily require a modification in the weight of synapses onto CINs.

On the macroscopic scale, the influence of CINs on behavior can be either immediate, due to the modulation of striatal output by CINs, or delayed/persistent, due to ACh-dependent plasticity in the striatal network that leads to long-term changes in striatal response to its external inputs. A recent study by Vogt and Hofmann (2012) modeled the modulation in the activity of DA neurons and CINs in relation to external reward delivery and its internal expectation. They show that activity changes and their effect on learning outcome can be explained by a direct effect of neuromodulators (DA and ACh) on postsynaptic activity, even with unmodulated, two-factor spike timing-dependent plasticity (STDP). Obviously, it does not prohibit joint operation together with three-factor STDP rules. Interestingly, CIN pause could represent a time window to gate phasic DA release and “bracket” the plasticity window, while DA variations reciprocally modulate the CIN pause duration to adjust this window (Kim, 2019). In the context of reward-based motor adaptation, phasic DA release could thereby deliver reward information for reinforcement learning in a timely manner. Changes in CIN-DA interactions due to DA depletion would then produce poor performance of motor adaptation. Alternatively, CINs could act mainly on MSNs to suppress their firing and regulate local inhibitory network (Ashby and Crossley, 2011; Franklin and Frank, 2015).

To go beyond this current state of theoretical investigations, one may ask the following questions. What are the respective/specific roles of DA and ACh during learning? How redundant are these signals? Are they separable in time or space? What is the specific motor impairment expected due to the abnormal CIN activity following DA depletion and could some PD symptoms be linked to CIN signaling dysfunction? These questions may be answered by integrating current experimental evidence and DA-ACh interactions and its effect on striatal dynamics revealed by previous theoretical work in a circuit model of the basal ganglia-thalamo-cortical loop. This model may display action selection properties and DA-driven reinforcement learning (Leblois et al., 2006; Guthrie et al., 2013), as well as PD-related dysfunction under DA depletion. The computational advantages brought by CINs and the neural mechanisms can be investigated in such a theoretical framework. Specific predictions can then be derived from model concerning the effects of manipulating CIN activity in a reinforcement learning protocol. These predictions could eventually be tested experimentally with physiological recordings performed in an operant conditioning task to ensure that the suggested mechanisms are indeed at play in the striatum during motor learning.



Concluding Remarks

Our current understanding of the role of CINs in striatal function derives mostly from extracellular recordings of TANs in monkeys. Because these neurons transiently respond to motivationally relevant cues with brief pauses, flanked by bursts of increased activity, they are classically viewed as key players in reward related learning. However, how CINs, and particularly the pause in their tonic firing, modulate striatal output has yet to be demonstrated. It is also undisputable that CINs play a key role in relation to dysfunctional aspect of basal ganglia information processing such as in PD and it seems important that future works keep dissecting the causal role of CINs in striatal circuits.
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Parkinson’s disease (PD) is a neurodegenerative disorder characterized by hypokinetic motor features; however, patients also display non-motor symptoms like sleep disorders. The standard treatment for PD is dopamine replacement with L-DOPA; however, symptoms including gait deficits and sleep disorders are unresponsive to L-DOPA. Notably, these symptoms have been linked to aberrant activity in the pedunculopontine nucleus (PPN). Of late, clinical trials involving PPN deep brain stimulation (DBS) have been employed to alleviate gait deficits. Although preclinical evidence implicating PPN cholinergic neurons in gait dysfunction was initially promising, DBS trials fell short of expected outcomes. One reason for the failure of DBS may be that the PPN is a heterogenous nucleus that consists of GABAergic, cholinergic, and glutamatergic neurons that project to a diverse array of brain structures. Second, DBS trials may have been unsuccessful because PPN neurons are susceptible to mitochondrial dysfunction, Lewy body pathology, and degeneration in PD. Therefore, pharmaceutical or gene-therapy strategies targeting specific PPN neuronal populations or projections could better alleviate intractable PD symptoms. Unfortunately, how PPN neuronal populations and their respective projections influence PD motor and non-motor symptoms remains enigmatic. Herein, we discuss normal cellular and neuroanatomical features of the PPN, the differential susceptibility of PPN neurons to PD-related insults, and we give an overview of literature suggesting a role for PPN neurons in motor and sleep deficits in PD. Finally, we identify future approaches directed towards the PPN for the treatment of PD motor and sleep symptoms.
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Introduction


Cellular, Molecular, and Neuroanatomical Properties of Pedunculopontine Tegmental Nucleus

The pedunculopontine tegmental nucleus (PPN), a heterogeneous brainstem structure, consists of glutamatergic, cholinergic, GABAergic, and glycinergic neurons (Mineff et al., 1998; Wang and Morales, 2009; Pienaar and van de Berg, 2013), which co-express neuropeptides including nitric oxide, substance P, atriopeptin, NADPH diaphorase, calcium binding proteins, and corticotropin-releasing factor (Vincent et al., 1983; Standaert et al., 1986; Austin et al., 1995; Martinez-Gonzalez et al., 2012; D’Onofrio et al., 2015). Co-expression of acetylcholine (ACh) with GABA or glutamate has also been reported (Lavoie and Parent, 1994; Wang and Morales, 2009). The PPN is functionally divided into two components, a rostral portion containing GABAergic, glutamatergic, and sparse cholinergic neurons sending projections primarily to motor structures including the substantia nigra and thalamus, and a caudal portion consisting mainly of cholinergic and glutamatergic neurons projecting to structures involved in reward such as the nucleus accumbens (Dautan et al., 2016; Xiao et al., 2016). PPN neurons also send descending projections to cerebellar nuclei, brainstem structures like the pontinus oralis, gigantocellular nucleus, and the spinal cord to modulate movement and muscle tone (Rye et al., 1988; Spann and Grofova, 1989; Martinez-Gonzalez et al., 2014). See Figures 1A, B for PPN efferent projections and their involvement in Parkinson’s disease (PD) symptoms.




Figure 1 | Efferent PPN projections and putative involvement in PD symptoms. (A) PPN efferents to brain areas involved in PD motor symptoms, (B) PPN efferents contacting brain areas involved in PD-related sleep disturbances. STR, Striatum; THAL, Thalamus; STN, Sub-thalamic nucleus; GPi, Globus Pallidus Interna; DRN, Dorsal Raphe Nucleus; Med, Medulla; SNr, Substantia Nigra Pars Reticulata; SNc, Substantia Nigra Pars Compacta; H-Thal, Hypothalamus; (Images modified from serviermedical art https://smart.servier.com).





PPN in PD

PD is associated with degeneration of nigrostriatal dopamine (DA) neurons; however, PPN cholinergic, glutamatergic, substance P, GABAergic, and glycinergic neurons also degenerate in PD (Hirsch et al., 1987; Jellinger, 1988; Gomez-Gallego et al., 2006; Rinne et al., 2008; Pienaar and van de Berg, 2013). Microglial activation and inflammatory responses occurring in PD likely contribute to PPN neurodegeneration (Elson et al., 2016). Cholinergic loss, in particular, is linked to PD symptom severity, especially akinesia and gait deficits (Pahapill and Lozano, 2000; Rinne et al., 2008; Bohnen et al., 2013). Multiple factors likely contribute to death of cholinergic PPN neurons in PD. For instance, mitochondrial DNA deletion occurs more often in PPN cholinergic neurons than in other PPN neurons (Bury et al., 2017). If substantial, this may inhibit protein translation and energy production. In addition, alpha synuclein aggregates may differentially affect PPN neuronal subtypes, as glutamatergic and cholinergic PPN neurons show more effects of alpha synuclein aggregates than GABAergic neurons (Heinrich et al., as cited by Surmeier, 2018).

Furthermore, it is unknown whether cholinergic loss is a downstream response to prior death of monoaminergic neurons, or whether death of PPN cholinergic neurons precipitates loss of DA neurons (Bensaid et al., 2016; MacLaren et al., 2018). Past research in preclinical models indicates that both processes may occur. Additionally, lesioning both nigrostriatal dopamine and PPN cholinergic systems simultaneously results in more severe degeneration (Bensaid et al., 2016). These results imply that the reciprocal connections shared by PPN cholinergic and nigrostriatal DA neurons may be critical to their survival, and that simultaneous lesion alters cellular activity, potentially contributing to neurodegeneration. Accordingly, following nigrostriatal DA lesion, compensatory increases in activity occur in PPN neurons (Palombo et al., 1990; Carlson et al., 1999; Breit et al., 2001; Zhang et al., 2008). Initial or sustained hyperactivity of PPN glutamatergic or subthalamic nucleus glutamatergic neurons may accelerate nigrostriatal and PPN neurodegeneration and may be exacerbated by simultaneous loss of PPN cholinergic neurons. PPN hyperactivity may also arise due to loss of nigral DA and raphe serotonin afferents in PD, as PPN neurons contain the inhibitory DA D2R and 5HT1AR (Leonard and Llinás, 1994). Conversely, PPN hypoactivity (Jang et al., 2012) caused by increased SNr and GP inputs may lead to more severe PD symptoms (Nandi et al., 2002). Perhaps, PD heterogeneity could be partially explained by the order of cellular degeneration and by differential PPN activity. Future research should investigate the timing of neuronal loss, affected projections, and behaviors resulting from cell loss in these two lesion paradigms.

Although under-investigated, a recent study in preclinical models indicates that galanin may rescue PPN cholinergic neurons in PD. Following SNc lactacystin lesion, galanin is upregulated in rostral PPN cholinergic neurons (Elson et al., 2018). Galanin inhibits cholinergic transmission and may be neuroprotective, as it guards basal forebrain cholinergic neurons from amyloid beta toxicity in Alzheimer’s disease (Ding et al., 2006; Pirondi et al., 2010; Elliot-Hunt et al., 2011). In PD, galanin could reduce the likelihood of apoptosis in response to Lewy bodies or neuroinflammation (however, see also, Crawley et al., 2002).



PPN Involvement in Movement

The role of the PPN in generating locomotion remains controversial; however, early studies suggest PPN involvement in gait, an assertion that has been partially supported and further refined based on recent studies. Early research shows that the PPN and cuneiform nucleus make up the mesencephalic locomotor region (MLR), a functional neurocircuit modulating movement, rhythm, and speed upon electrical stimulation (Garcia-Rill et al., 1987; Garcia-Rill and Skinner, 1988; see Figure 1A for PPN projections related to PD motor symptoms). MLR projections to the lateral paragigantocellular nucleus (LPGi) modulate activity of motorneurons and ventral spinal laminae “central pattern generators” that regulate patterns of locomotor activity (Grillner and Wallen, 1985). In support of the PPN’s role in gait, fMRI studies demonstrate that PPN activity increases during fast imagined walking in healthy individuals (Bakker et al., 2008; Karachi et al., 2010); however, whether the PPN exerts its effects through ascending or descending pathways in actual fast walking is unknown. Although both PPN glutamatergic and cholinergic neurons may exert effects through LGPi efferents, recent data from preclinical models show that these neurons play different roles in locomotion. Based on these studies, glutamatergic neurons control flexor muscles to stop locomotion and are involved in slow-paced movement and exploratory behavior (Caggiano et al., 2018; Josset et al., 2018), whereas cholinergic neurons control extensor muscles and prolong the stance phase of locomotion and can also increase speed (Roseberry et al., 2016).

Ascending PPN efferents are also well-positioned to influence movement, although most existing data on this subject stem from research in preclinical models. Most importantly, the PPN projects to thalamic nuclei, which guide movements via thalamospinal projections. Additionally, although less direct, PPN glutamatergic and cholinergic inputs to SNc and striatum may affect both direct and indirect pathways. Relatedly, PPN cholinergic terminals in SNc drive locomotion (Xiao et al., 2016), whereas the motor outcomes of PPN afferents to striatum remain enigmatic, but are likely modulatory in nature (Dautan et al., 2016; Assous and Tepper, 2019). Finally, PPN cholinergic and GABAergic inputs to SNr exert influence over the nigrostriatal pathway. There, PPN ACh inhibits MSN terminals via M4R, inhibiting movement (Moehle et al., 2017), and PPN GABAergic projections improve motor learning through thalamic disinhibition (Li and Spitzer, 2019). Though PPN neurons likely contribute to normal gait, the role of neurons in the basal forebrain and cuneiform nucleus should also be carefully considered (Xiang et al., 2013; Sarter et al., 2014).



PPN Involvement in PD Gait and Motor Deficits

Nearly 20%–60% of PD patients experience gait dysfunction including freezing of gait (FOG) that is not consistently improved by DA replacement therapy (Giladi et al., 2001). FOG and falls are more common in PD patients exhibiting decreased ACh metabolism and reuptake in the thalamus (Bohnen et al., 2009; Bohnen and Albin, 2011; Bohnen et al., 2019), where the PPN is the main source of ACh. Cell death and synaptic inhibition from the GPi and SNr likely contribute to this decrease in cholinergic tone. In animal models, chemogenetic activation of PPN ACh neurons rescues motor deficits, indicating that cholinergic neurons remain which may be suitable therapeutic targets in PD (Pienaar et al., 2015). Similarly, cholinesterase inhibitors decrease falls in some PD patients (Chung et al., 2010).

Given its role in locomotion, the PPN has been considered as a site for deep brain stimulation (DBS) to improve otherwise intractable postural instability, FOG, and falling in PD and atypical Parkinsonism. Results of this approach have been varied. Multiple studies demonstrate that PPN-DBS can ameliorate FOG or general gait parameters in PD patients (Pereira et al., 2008; Ferraye et al., 2010; Khan et al., 2011; Thevathasan et al., 2011; Khan et al., 2012a; Khan et al., 2012b; Mazzone et al., 2014; Welter et al., 2015; Mestre et al., 2016). Although unilateral (Moro et al., 2010) and bilateral (Ferraye et al., 2010) approaches decrease falls, double-blind studies indicate the superiority of bilateral PPN stimulation for improving PD-related gait symptoms (Thevathasan et al., 2010; Thevathasan et al., 2012). Conversely, postural instability is not consistently improved with PPN-DBS (Moro et al., 2010; Thevathasan et al., 2010). Despite symptomatic improvements in some studies, open questions remain on the clinical relevance of PPN-DBS, as it cannot eliminate PD gait symptoms, and exact mechanisms underlying PPN-DBS effects are unknown. Furthermore, side effects ranging from oscillopsia, paresthesia, and even worsening of FOG have occurred in some patients (Hamani et al., 2007).

Multiple factors explain inconsistent PPN-DBS clinical outcomes. First, electrode placements in the PPN of PD patients vary. MRI placements correlated with patient outcomes suggest bilateral lead placement in caudal PPN is most efficacious for gait improvement (Goetz et al., 2018; Khan et al., 2012b). Relatedly, preclinical data show that rostral PPN lead placement has deleterious effects on movement and that caudal PPN controls stepping behavior (Gut and Winn, 2015; Garcia-Rill, 1986; Garcia-Rill and Skinner, 1988; Garcia-Rill, 1991). Second, stimulation parameters for PPN-DBS differ from one study to another. Many paradigms employ frequencies within beta and gamma ranges, but some have also employed stimulation at very low frequencies. Finally, small sample sizes, differences in disease progression, and the heterogeneity of PD signs and symptoms likely contribute to differential results regarding PPN-DBS.



PPN Contribution to L-DOPA Response

DA replacement therapy with L-DOPA is standard treatment for PD. However, chronic use results in debilitating abnormal involuntary movements termed L-DOPA-induced dyskinesia (LID) in up to 90% of PD patients (Ahlskog and Muenter, 2001). Severe LID can lead to hospitalization and reduced quality of life (Péchevis et al., 2005; Lyoo and Lee, 2011). Although the PPN is not well investigated for its role in L-DOPA’s motor efficacy and in LID, existing evidence from patients undergoing PPN-DBS and preclinical evidence on the PPN’s involvement in motor stereotypy suggest that the PPN may contribute.

For instance, PD patients decrease their L-DOPA dose following long-term treatment with PPN-DBS (Mazzone et al., 2014), suggesting that PPN-DBS has pro-motor effects and may potentiate L-DOPA’s motor efficacy. Prior combination of PPN-DBS with L-DOPA shows additional motor benefit beyond L-DOPA alone (Jenkinson et al., 2008; Stefani et al., 2007). Additionally, combining caudal PPN-DBS with L-DOPA in preclinical models results in attenuation of LID (Gut and Winn, 2015). Similarly, immediate early genes associated with development and expression of LID are upregulated in the PPN of dyskinetic rodents (Bastide et al., 2014), implicating the PPN in LID expression.

The PPN has long been known to contribute to motor stereotypy in preclinical models; contextualizing this literature may provide useful insights into the role of the PPN in LID, as research on the PPN’s contribution to LID is sparse. PPN lesion produces orolingual stereotypy in response to d-amphetamine and apomorphine (Inglis et al., 1994), implying that PPN neurons suppress stereotyped movements in the normal brain. Furthermore, existing evidence shows that PPN GABAergic and cholinergic neurons have differing effects on motor stereotypy. PPN infusion of GABAergic antagonists reduces motor stereotypy produced by apomorphine and SNr microinfusion of muscimol (Childs and Gale, 1983), intimating that PPN GABA projections inhibit SNr neurons to promote motor stereotypy, or that SNr GABA projections to PPN promote motor stereotypy. Conversely, PPN infusion of mAChR antagonists increases motor stereotypy and exacerbates LID (Mathur et al., 1997; Chambers et al., 2019). Taken together, these results suggest that decreasing GABAergic tone or increasing cholinergic tone in the PPN may decrease LID, but this must be examined further. If true, this provides further support for hypoactivity of the PPN in PD. Future research should address specific contributions of PPN neuronal subtypes, and investigate the role of PPN efferents to the SNr and striatum.



PPN Involvement in Sleep

The PPN is part of the reticular activating system (RAS), a group of nuclei regulating consciousness and attention. The PPN receives lateral hypothalamus orexin projections and SNr GABA projections that regulate muscle tone during sleep and wakefulness (Takakusaki et al., 2011, see Figure 1B). As mentioned previously, SNr and GPi GABA transmission to PPN is enhanced in PD. Importantly, when GABA B receptors are bound, REM sleep is inhibited (Sakai and Koyama, 1996; Ulloor et al., 2004; Datta, 2007). This alone may account for a significant portion of REM sleep problems in PD.

PPN cholinergic neurons promote EEG desynchronization and changes in state of consciousness via thalamic projections which regulate cortical activity (Hallanger et al., 1987; Steriade et al., 1990; Kobayashi et al., 2002; Mena-Segovia et al., 2008; Kotagal et al., 2012). PPN cholinergic neurons are active during REM sleep and wakefulness, manifesting alpha activity at rest and gamma oscillations related to behavior during waking (Steriade et al., 1991; Steriade et al., 1996; Kezunovic et al., 2011). During REM sleep, cholinergic neurons promote muscle atonia through projections to the subcoeruleus dorsalis (Baghdoyan et al., 1984; Sanford et al., 1994), and nucleus reticularis gigantocellularis neurons which project to motorneurons (Takakusaki et al., 2011). Cholinergic neurons promote REM and pontogeniculooccipital waves characteristic of REM sleep via dorsolateral geniculate nucleus and frontal eye field efferents (Sakai et al., 1976; Callaway et al., 1987; Shouse and Siegel, 1992; Rye, 1997). During slow wave sleep cholinergic neurons also promote nested gamma oscillations associated with memory replay and neuronal plasticity in cortex and hippocampus (Lee and Wilson, 2002).



PPN Involvement in PD-Related Sleep Dysfunction

Sleep disturbances resulting in excessive daytime sleepiness occur in 98% of PD patients (for review see Comella, 2007). While prevalence of PD-related sleep disorders alone is concerning, sleep dysfunction, particularly REM sleep behavior disorder (RBD), is linked to increased risk of cognitive impairment in PD patients (Marion et al., 2008; Gagnon et al., 2009). RBD is present in an estimated 50% of PD patients and is characterized by lack of muscle atonia during REM sleep which leads to patients engaging in complex motor behaviors during sleep. Intriguingly, diagnosis with idiopathic RBD often precedes PD and other synucleinopathies and may represent a prodromal phase of these illnesses (Boeve et al., 2001).

PPN ACh and substance-P-expressing neurons may contribute to the pathogenesis of RBD. Despite similar age of onset and disease duration, PD patients with RBD show decreased cholinergic transmission in cortex and thalamus relative to PD patients without RBD (Kotagal et al., 2012; however see also Bedard et al., 2019). Similarly, AChE inhibitors decrease symptoms of RBD, meaning that RBD may arise due to loss of cholinergic tone (Ringman and Simmons, 2000). Substance P is co-expressed in 27% of caudal PPN ACh neurons and is co-released onto the pontoreticular formation, where it has additive effects beyond those of ACh on initiation and maintenance of sleep (Kohlmeier et al., 2002). Substance P neurons degenerate in PD, which likely contributes to REM sleep atonia in PD patients. Congruent with PPN involvement in sleep dysfunction, PPN-DBS increases sleep efficiency, REM and stage 2 sleep, and decreases awakenings in PD patients (Romigi et al., 2008). Although understudied, these findings demonstrate that PPN-DBS could be used in the future to improve sleep for PD patients.



Therapeutic Strategies/Future Directions

Interpreting PPN-DBS outcomes is impeded by small sample sizes, differences in electrode placement, stimulation paradigms, and disease progression. Additionally, PPN-DBS paradigms employ open-loop DBS which does not consider the situation and/or symptoms the patient is experiencing, nor brain activity in other areas which influence PD symptoms. Employing closed-loop PPN-DBS may be more effective (Rosin et al., 2011; Hebb et al., 2014; Sun and Morrell, 2014), as different stimulation frequencies have varying effects on PD symptoms. Using machine learning strategies, clinicians could correlate specific patterns of EEG readout with problems with FOG or other symptoms, and then use this information to promote more efficacious PPN-DBS. Future research should also address effects of exercise on the PPN, as recent data show that similar to hippocampal and basal forebrain cholinergic neurons (Molteni et al., 2008; Hall and Savage, 2016), exercise may induce PPN neuroplasticity beneficial for motor learning (Li and Spitzer, 2018). Finally, gene-therapy strategies focusing on neuroprotection through galanin or modulating L-type calcium channels should be considered, as well as gene therapy strategies that target specific PPN projections for symptomatic relief (see Table 1).


Table 1 | Potential targets for PPN-mediated improvement of PD motor and non-motor symptoms.






Conclusion

Overall, through innervation of ascending and descending motor structures, RAS, and cortex, the PPN is well-positioned to modify PD motor and sleep symptoms. However, to develop effective PPN-centered treatment strategies, there is a need for cell-specific manipulations in the PPN. Currently, this is challenging, as the contribution of specific PPN pathways to gait and RBD symptoms, and pathways that govern PPN’s modulation of L-DOPA’s effects are not well understood. Additionally, receptor types specific to each PPN neuron and how they change in health and disease are not well-defined. Therefore, future research should elucidate the contribution of specific PPN afferent and efferent connections to behavior and identify receptors exclusive to each type of PPN neuron. Additionally, as PD is a heterogeneous disorder, it is especially important that the therapeutic strategies employed are custom-tailored to the patient based on his or her symptoms.



Author Contributions

Contributed to writing of the manuscript: NC, CB Created figures: KL.



Funding

American Parkinson’s Disease Association Research.



References

 Ahlskog, J. E., and Muenter, M. D. (2001). Frequency of levodopa-related dyskinesias and motor fluctuations as estimated from the cumulative literature. Movement Disord. 16, 448–458. doi: 10.1002/mds1090

 Assous, M., and Tepper, J. M. (2019). Excitatory extrinsic afferents to striatal interneurons and interactions with striatal microcircuitry. Eur. J. Neurosci. 49 (5), 593–603. doi: 10.1111/ejn.13881

 Austin, M., Rice, P., Mann, J., and Arango, V. (1995). Localization of corticotropin-releasing hormone in the human locus coeruleus and pedunculopontine tegmental nucleus: an immunocytochemical and in situ hybridization study. Neuroscience 64, 713–727. doi: 10.1016/0306-4522(94)00420-A

 Baghdoyan, H. A., Rodrigo-Angulo, M. L., McCarley, R. W., and Hobson, J. A. (1984). Site-specific enhancement and suppression of desynchronized sleep signs following cholinergic stimulation of three brainstem regions. Brain Res. 306, 39–52. doi: 10.1016/0006-8993(84)90354-8

 Bakker, M., De Lange, F. P., Helmich, R. C., Scheeringa, R., Bloem, B. R., and Toni, I. (2008). Cerebral correlates of motor imagery of normal and precision gait. NeuroImage 41, 998–1010. doi: 10.1016/j.neuroimage.2008.03.020

 Bastide, M. F., Dovero, S., Charron, G., Porras, G., Gross, C. E., Fernagut, P.-O., et al. (2014). Immediate-early gene expression in structures outside the basal ganglia is associated to L-DOPA-induced dyskinesia. Neurobiol. Dis. 62, 179–192. doi: 10.1016/j.nbd.2013.09.020

 Bedard, M.-A., Aghourian, M., Legault-Denis, C., Postuma, R. B., Soucy, J. P., Gagnon, J.-F., et al. (2019). Brain alterations in idiopathic REM sleep behavior disorder: a PET imaging study with 18F-FEOBV. Sleep Med. 58, 35–41. doi: 10.1016/j.sleep.2018.12.020

 Bensaid, M., Michel, P. P., Clark, S. D., Hirsch, E. C., and François, C. (2016). Role of pedunculopontine cholinergic neurons in Parkinson’s disease. Exp. Neurol. 275, 209–219. doi: 10.1016/j.expneurol.2015.11.004

 Boeve, B. F., Silber, M. H., Ferman, T. J., Lucas, J. A., and Parisi, J. E. (2001). Association of REM sleep behavior disorder and neurodegenerative disease may reflect an underlying synucleinopathy. Mov. Disord. 16, 622–630. doi: 10.1002/mds1120

 Bohnen, N. I., and Albin, R. L. (2011). The cholinergic system and Parkinson disease. Behav. Brain Res. 221 (2), 564–573. doi: 10.1016/j.bbr.2009.12.048

 Bohnen, N. I., Frey, K. A., Studenski, S., Kotagal, V., Koeppe, R. A., Scott, P. J., et al. (2013). Gait speed in Parkinson disease correlates with cholinergic degeneration. Neurology 81 (18), 1611–1616. doi: 10.1212/WNL.0b013e3182a9f558

 Bohnen, N. I., Kanel, P., Zhou, Z., Koeppe, R. A., Frey, K. A., Dauer, W. T., et al. (2019). Cholinergic system changes of falls and freezing of gait in Parkinson’s disease. Ann. Neurol. 85 (4), 538–549. doi: 10.1002/ana.25430

 Bohnen, N. I., Muller, M. L., Koeppe, R. A., Studenski, S. A., Kilbourn, M. A., Frey, K. A., et al (2009). History of falls in Parkinson’s disease is associated with reduced cholinergic activity. Neurology 73, 1670–1676. doi: 10.1212/WNL.0b013e3181c1ded6

 Brazhnik, E., McCoy, A. J., Novikov, N., Hatch, C. E., and Walters, J. R. (2016). Ventral medial thalamic nucleus promotes synchronization of increased high beta oscillatory activity in the basal ganglia—thalamocortical network of the hemiparkinsonian rat. J. Neursci. 361, 4196–4208. doi: 10.1523/JNEUROSCI.3582-152016

 Breit, S., Bouali-Benazzouz, R., Benabid, A.-L., and Benazzouz, A. (2001). Unilateral lesion of the nigrostriatal pathway induces an increase of neuronal activity of the pedunculopontine nucleus, which is reversed by the lesion of the subthalamic nucleus in the rat. Eur. J. Neurosci. 14, 1833–1842. doi: 10.1046/j.0953-816x.2001.01800.x

 Bury, A. G., Pyle, A., Elson, J. L., Greaves, L., Morris, C. M., Hudson, G., et al. (2017). Mitochondrial DNA changes in pedunculopontine cholinergic neurons in Parkinson disease. Ann. Neurol. 82 (6), 1016–1021. doi: 10.1002/ana.25099

 Caggiano, V., Leiras, R., Goni-Erro, H., Masini, D., Bellardita, C., Bouvier, J., et al. (2018). Midbrain circuits that set locomotor speed and gait selection. Nature 553, 455–460. doi: 10.1038/nature25448

 Cai, J., Lee, S., Ba, F., Garg, S., Kim, L. J., Liu, A., et al. (2018). Galvanic vestibular stimulation (GVS) augments deficient pedunculopontine nucleus connectivity in mild Parkinson’s disease: fMRI effects of different stimuli. Front. Neurosci. 101, 1–13. doi: 10.3389/fnins.2018.00101

 Callaway, C. W., Lydic, R., Baghdoyan, H. A., and Hobson, J. A. (1987). Pontogeniculooccipital waves: spontaneous visual system activity during rapid eye movement sleep. Cell. Mol. Neurobiol. 7, 105–149. doi: 10.1007/BF00711551

 Carlson, J. D., Pearlsteinb, R. D., Buchholza, J., Iaconoc, R. P., and Maedaa, G. (1999). Regional metabolic changes in the pedunculopontine nucleus of unilateral 6-hydroxydopamine Parkinson’s model rats. Brain Res. 828 (1-2), 12–19. doi: 10.1016/S0006-8993(99)01268-8

 Chambers, N. E., Meadows, S. M., Taylor, A., Sheena, E., Lanza, K., Conti, M. M., et al (2019). Effects of muscarinic acetylcholine m1 and m4 receptor blockade on dyskinesia in the hemi-parkinsonian rat. Neurosci 409, 180–194. doi: 10.1016/j.neuroscience.2019.04.008

 Childs, J. A., and Gale, K. (1983). Evidence that the nigrostriatal GABAergic projection mediates stereotypy induced by apomorphine and intranigral muscimol. Life Sciences 33, 1007–1010. doi: 10.1016/0024-3205(83)90758-0

 Chung, K. A., Lobb, B. M., Nutt, J. G., and Horak, F. B. (2010). Effects of a central cholinesterase inhibitor on reducing falls in Parkinson disease. Neurology 75, 1263–1269. doi: 10.1212/WNL.0b013e3181f6128c

 Comella, C. L. (2007). Sleep disorders in Parkinson’s disease. Movement Disord. 22, S367–S373. doi: 10.1002/mds.21682

 Crawley, J. N., Mufson, E. J., Hohmann, J. G., Teklemichael, D., Steiner, R. A., Holmbergy, K., et al. (2002). Galanin overexpressing transgenic mice. Neuropeptides 36, 145–156. doi: 10.1054/npep.20020891

 D’Onofrio, S., Kezunovic, N., Hyde, J. R., Luster, B., Messias, E., Urbano, F. J., et al. (2015). Modulation of gamma oscillations in the pedunculopontine nucleus by neuronal calcium sensor protein-1: Relevance to schizophrenia and bipolar disorder. J. Neurophysiol. 113, 709–719. doi: 10.1152/jn.008282014

 Datta, S. (2007). Activation of pedunculopontine tegmental PKA prevents GABAB  receptor activation-mediated rapid eye movement sleep suppression in the freely moving rat. J. Neurophysiol. 97, 3841–3850. doi: 10.1152/jn.00263.2007

 Dautan, D., Bay, H. H., Bolam, J. P., Gerdjikov, T. V., and Mena-Segovia, J. (2016). Extrinsic innervation of the striatal complex: a whole-brain mapping analysis. Front. Neuroanat. 10 (1), 1–10. doi: 10.3389/fnana.2016.00001

 Ding, X., MacTavish, D., Kar, S., and Jhamandas, J. H. (2006). Galanin attenuates beta-amyloid (Abeta) toxicity in rat cholinergic basal forebrain neurons. Neurobiol. Dis. 21, 413–420. doi: 10.1016/j.nbd.2005.08.016

 Elliot-Hunt, C. R., Holmes, F. E., Hartley, D. M., Perez, S., Mufson, E. J., and Wynick, D. (2011). Endogenous galanin protects mouse hippocampal neurons against amyloid beta toxicity in vitro via activation of galanin receptor-2. J. Alzheimers Dis. 25, 455–452. doi: 10.3233/JAD-2011-110011

 Elson, J. L., Yates, A., and Pienaar, I. S. (2016). Pedunculopontine cell loss and protein aggregation direct microglia activation in parkinsonian rats. Brain Struct. Funct. 221, 2319–2341. doi: 10.1007/s00429-015-1045-4

 Elson, J. L., Kochaj, R., Reynolds, R., and Pienaar, I. S. (2018). Temporal-spatial profiling of pedunculopontine galanin-cholinergic neurons in the lactacystin rat model of Parkinson’s disease. Neurotoxic. Res. 34 (1), 16–31. doi: 10.1007/s12640-017-9846-2

 Ferraye, M. U., Debû, B., Fraix, V., Goetz, L., Ardouin, C., Yelnik, J., et al. (2010). Effects of pedunculopontine nucleus area stimulation on gait disorders in Parkinson’s disease. Brain 133 (1), 205–214. doi: 10.1093/brain/awp229

 Gagnon, J. F., Vendette, M., Postuma, R. B., Desjardins, C., Massicotte-Marquez, J., Panisset, M., et al. (2009). Mild cognitive impairment in rapid eye movement sleep behavior disorder and Parkinson’s disease. Ann. Neurol. 66, 39–47. doi: 10.1002/ana.21680

 Garcia-Rill, E., and Skinner, R. D. (1988). Modulation of rhythmic function in the posterior midbrain. Neurosciences 17, 639–654. doi: 10.1016/0306-4522(88)90295-3

 Garcia-Rill, E. (1986). The basal ganglia and the locomotor regions. Brain Res. Rev. 11, 47–63. doi: 10.1016/0165-0173(86)90009-3

 Garcia-Rill, E., Houser, C. R., Skinner, R. D., Smith, W., and Woodward, D. J. (1987). Locomotion-inducing sites in the vicinity of the pedunculopontine nucleus. Brain Res. Bull. 18, 731– 738. doi: 10.1016/0361-9230(87)90208-5

 Garcia-Rill, E. (1991). The pedunculopontine nucleus. Prog. Neurobiol. 36, 363–389. doi: 10.1016/0301-0082(91)90016-T

 Giladi, N., Treves, T. A., Simon, E. S., Shabtai, H., Orlov, Y., Kandinov, B., et al. (2001). Freezing of gait in patients with advanced Parkinson’s disease. J. Neural Transm. 108, 53–61. doi: 10.1007/s007020170096

 Goetz, L., Bhattacharjee, M., Ferraye, M. U., Fraix, V., Maineri, C., Nosko, D., et al. (2018). Deep brain stimulation of the pedunculopontine nucleus area in Parkinson disease: MRI-based anatomoclinical correlations and optimal target. Neurosurgery 84, 506–518. doi: 10.1093/neuros/nyy151

 Gomez-Gallego, M., Fernandez-Villalba, E., Fernandez-Barreiro, A., and Herrero, M. T. (2006). Changes in neuronal activity in the pedunculopontine nucleus in chronic MPTP-treated primates: an in situ hybridization study of cytochrome oxidase subunit I, choline acetyl transferase and substance P mRNA expression. J. Neural Transm. 114, 319–326. doi: 10.1007/s00702-006-0547-x

 Grillner, S., and Wallen, P. (1985). Central pattern generators for locomotion, with special reference to vertebrates. Annu. Rev. Neurosci. 8 (1), 233–261. doi: 10.1146/annurev.ne.08.030185.001313

 Gut, N. K., and Winn, P. (2015). Deep brain stimulation of different pedunculopontine targets in a novel rodent model of parkinsonism. J. Neurosci. 35, 4792–4803. doi: 10.1523/JNEUROSCI.3646-142015

 Hall, J. M., and Savage, L. M. (2016). Exercise leads to the re-emergence of the cholinergic/nestin neuronal phenotype within the medial septum/diagonal band and subsequent rescue of both hippocampal ACh efflux and spatial behavior. Exp. Neurol. 278, 62–75. doi: 10.1016/j.expneurol.2016.01.018

 Hallanger, A. E., Levey, A. I., Lee, H. J., Rye, D. B., and Wainer, B. H. (1987). The origins of cholinergic and other subcortical afferents to the thalamus in the rat. J. Comp. Neurol. 262 (1), 105–124. doi: 10.1002/cne.902620109

 Hamani, C., Stone, S., Laxton, A., and Lozano, A. M. (2007). The pedunculopontine nucleus and movement disorders: Anatomy and the role for deep brain stimulation. Parkinsonism Relat. Disord. 13, S276–S280. doi: 10.1007/s00702-010-0547-8

 Hebb, A. O., Zhang, J. J., Mahoor, M. H., Tsiokos, C., Matlack, C., Chizeck, H. J., et al. (2014). Creating the feedback loop: Closed-loop neurostimulation. Neurosurg. Clin. N. Am. 25, 187–204. doi: 10.1016/j.nec.2013.08.006

 Hirsch, E. C., Graybiel, A. M., Duyckaerts, C., and Javoy-Agid, F. (1987). Neuronal loss in the pedunculopontine tegmental nucleus in Parkinson disease and in progressive supranuclear palsy. Proc. Natl. Acad. Sci. 84 (16), 5976–5980. doi: 10.1073/pnas.84.165976

 Inglis, W. L., Allen, F., Whitelaw, R. B., Latimer, M. P., Brace, H. M., and Winn, P. (1994). An investigation into the role of the pedunculopontine tegmental nucleus in the mediation of locomotion and orofacial stereotypy induced by d-amphetamine and apomorphine in the rat. Neuroscience 58, 817–833. doi: 10.1016/0306-4522(94)90459-6

 Inkster, L. M., and Eng, J. J. (2004). Postural control during a sit-to-stand task in individuals with mild Parkinson’s disease. Exp. Brain Res. 154 (1), 33–38. doi: 10.1007/s00221-003-1629-8

 Jang, D. P., Min, H.-K., Lee, S.-Y., Kim, I. Y., Park, H. W., Im, Y. H., et al. (2012). Functional neuroimaging of the 6-OHDA lesion rat model of Parkinson’s disease. Neurosci. Lett. 513 (2), 187–192. doi: 10.1016/j.neulet.2012.02.034

 Jellinger, K. (1988). The pedunculopontine nucleus in Parkinson’s disease, progressive supranuclear palsy and Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 51 (4), 540–543. doi: 10.1136/jnnp.51.4.540

 Jenkinson, N., Nandi, D., Oram, R., Stein, J. F., and Aziz, T. Z. (2008). Pedunculopontine nucleus electric stimulation alleviates akinesia independently of dopaminergic mechanisms. Neuroreport 17 (6), 639–641. doi: 10.1097/00001756-200604240-00016

 Josset, N., Roussel, M., Lemieux, M., Lafrance-Zoubga, D., Rastqar, A., and Bretzner, F. (2018). Distinct contributions of mesencephalic locomotor region nuclei to locomotor control in the freely behaving mouse. Curr. Biol. 28, 884–901. doi: 10.1016/j.cub.2018.02.007

 Karachi, C., Grabli, D., Bernard, F. A., Tandé, D., Wattiez, N., Belaid, H., et al. (2010). Cholinergic mesencephalic neurons are involved in gait and postural disorders in Parkinson disease. J. Clin. Invest. 120 (8), 2745–2754. doi: 10.1172/JCI42642

 Kezunovic, N., Urbano, F. J., Simon, C., Hyde, J., Smith, K., and Garcia-Rill, E. (2011). Mechanism behind gamma band activity in the pedunculopontine nucleus (PPN). Eur. J. Neurosci. 34, 404–415. doi: 10.1111/j.1460-9568.2011.07766.x

 Khan, S., Mooney, L., Plaha, P., Javed, S., White, P., Whone, A. L., et al. (2011). Outcomes from stimulation of the caudal zona incerta and pedunculopontine nucleus in patients with Parkinson’s disease. Br. J. Neurosurg. 25 (2), 273–280. doi: 10.3109/02688697.2010.544790

 Khan, S., Gill, S. S., Mooney, L., White, P., Whone, A., Brooks, D. J., et al. (2012a). Combined pedunculopontine-subthalamic stimulation in Parkinson disease. Neurology 78, 1090–1095. doi: 10.1212/WNL.0b013e31824e8e96

 Khan, S., Javed, S., Mooney, L., White, P., Plaha, P., Whone, A., et al. (2012b). Clinical outcomes from bilateral versus unilateral stimulation of the pedunculopontine nucleus with and without concomitant caudal zona incerta region stimulation in Parkinson’s disease. Br. J. Neurosurg. 26, 722–725. doi: 10.3109/02688697.2012.659297

 Kobayashi, Y., Inoue, Y., Yamamoto, M., Isa, T., and Aizawa, H. (2002). Contribution of pedunculopontine tegmental nucleus neurons to performance of visually guided saccade task in monkeys. J Neurophysiol. 88, 715–731. doi: 10.1152/jn.2002.88.2.715

 Kohlmeier, K. A., Burns, J., Reiner, P. B., and Semba, K. (2002). Substance P in the descending cholinergic projection to REM sleep-induction regions of the rat pontine reticular formation: anatomical and electrophysiological analyses. Eur. J. Neurosci. 15, 176–196. doi: 10.1046/j.0953-816x.2001.01829.x

 Kotagal, V., Albin, R. L., Müller, M. L., Koeppe, R. A., Chervin, R. D., Frey, K. A., et al. (2012). Symptoms of rapid eye movement sleep behavior disorder are associated with cholinergic denervation in Parkinson disease. Ann. Neurol. 71, 560–568. doi: 10.1002/ana.22691

 Lavoie, B., and Parent, A. (1994). Pedunculopontine nucleus in the squirrel monkey: cholinergic and glutamatergic projections to the substantia nigra. J. Comp. Neurol. 344 (2), 232–241. doi: 10.1002/cne.903440205

 Lee, A. K., and Wilson, M. A. (2002). Memory of sequential experience in the hippocampus during slow wave sleep. Neuron 36, 1183–1194. doi: 10.1016/S0896-6273(02)01096-6

 Leonard, C. S., and Llinás, R. (1994). Serotonergic and cholinergic inhibition of mesopontine cholinergic neurons controlling REM sleep: an in vitro electrophysiological study. Neuroscience 59, 309–330. doi: 10.1016/0306-4522(94)90599-1

 Li, H.-Q., and Spitzer, N. C. (2018). Exercise enhances motor skill learning by neurotransmitter switching in the adult midbrain. bioRxiv. 1–34. doi: 10.1101/613539

 Lyoo, H. C., and Lee, M. S. (2011). Rhabdomyolysis induced by severe levodopa induced dyskinesia in a patient with Parkinson’s disease. J. Neurol. 258, 1893–1894. doi: 10.1007/s00415-011-6041-x

 MacLaren, D. A., Ljungberg, T. L., Griffin, M. E., and Clark, S. D. (2018). Pedunculopontine tegmentum cholinergic loss leads to a progressive decline in motor abilities and neuropathological changes resembling progressive supranuclear palsy. Eur. J. Neurosci. 48 (12), 3477–3497. doi: 10.1111/ejn.14212

 Marion, M. H., Qurashi, M., Marshall, G., and Foster, O. (2008). Is REM sleep behavior disorder (RBD) a risk factor of dementia in idiopathic Parkinson’s disease? J. Neurol. 255, 192–196. doi: 10.1007/s00415-008-0629-9

 Martinez-Gonzalez, C., Wang, H. L., Micklem, B. R., Bolam, J. P., and Mena-Segovia, J. (2012). Subpopulations of cholinergic, GABAergic and glutamatergic neurons in the pedunculopontine nucleus contain calcium-binding proteins and are heterogeneously distributed. Eur. J. Neurosci. 35, 723–734. doi: 10.1111/j.1460-9568.2012.08002.x

 Martinez-Gonzalez, C., van Andel, J., Bolam, J. P., and Mena-Segovia, J. (2014). Divergent motor projections from the pedunculopontine nucleus are differentially regulated in Parkinsonism. Brain Struct. Funct. 219, 1415–1462. doi: 10.1007/s00429-013-0579-6

 Mathur, A., Shandarin, A., LaViolette, S. R., Parker, J., and Yeomans, J. S. (1997). Locomotion and stereotypy induced by scopolamine: Contributions of muscarinic receptors near the pedunculopontine tegmental nucleus. Brain Res. 775, 144–155. doi: 10.1016/S0006-8993(97)00928-1

 Mazzone, P., Paoloni, M., Mangone, M., Santilli, V., Insola, A., Fini, M., et al. (2014). Unilateral deep brain stimulation of the pedunculopontine tegmental nucleus in idiopathic Parkinson’s disease: effects on gait initiation and performance. Gait Posture 40 (3), 357–362. doi: 10.1016/j.gaitpost.2014.05.002

 Mena-Segovia, J., Sims, H. M., Magill, P. J., and Bolam, J. P. (2008). Cholinergic brainstem neurons modulate cortical gamma activity during slow oscillations. J. Physiol. 586, 2947–2960. doi: 10.1113/jphysiol.2008.153874

 Mestre, T. A., Sidiropoulos, C., Hamani, C., Poon, Y. Y., Lozano, A. M., Lang, A. E., et al. (2016). Long-term double-blinded unilateral pedunculopontine area stimulation in Parkinson’s disease. Movement Disord. 31 (10), 1570–1574. doi: 10.1002/mds.26710

 Mineff, E. M., Popratiloff, A., Romansky, R., Kazakos, V., Kaimaktschieff, V., Usunoff, K. G., et al. (1998). Evidence for a possible glycinergic inhibitory neurotransmission in the midbrain and rostral pons of the rat studied by gethyrin. Arch. Physiol. Biochem. 106 (3), 210–220. doi: 10.1076/apab.106.3.2104377

 Moehle, M. S., Pancani, T., Byun, N., Yohn, S. E., Wilson, G. H. III, Dickerson, J. W., et al. (2017). Cholinergic projections to the substantia nigra pars reticulata inhibit dopamine modulation of basal ganglia through the M4 muscarinic receptor. Neuron 96 (6), 1358–1372. doi: 10.1016/j.neuron.2017.12.008

 Molteni, R., Ying, Z., and Gomez-Pinilla, F. (2008). Differential effects of acute and chronic exercise on plasticity-related genes in the rat hippocampus revealed by microarray. Eur. J. Neurosci. 16, 1107–1116. doi: 10.1046/j.1460-9568.2002.02158.x

 Moro, E., Hamani, C., Poo, Y.-Y, Al-Khairallah, T., Dostrovsky, O., et al. (2010). Unilateral pedunculopontine stimulation improves falls in Parkinson’s disease. Brain 133 (1), 215–224. doi: 10.1093/brain/awp261

 Nandi, D., Aziz, T. Z., Giladi, N., Winter, J., and Stein, J. F. (2002). Reversal of akinesia in experimental parkinsonism by GABA antagonist microinjections in the pedunculopontine nucleus. Brain 125 (11), 2418–2430. doi: 10.1093/brain/awf259

 Okada, K.-I., and Kobayashi, Y. (2009). Characterization of oculomotor and visual activities in the primate pedunculopontine tegmental nucleus during visually guided saccade tasks. Eur. J. Neurosci. 30, 2211–2223. doi: 10.1111/j.1460-9568.2009.07009

 Pahapil, P. A., and Lozano, A. M. (2000). The pedunculopontine nucleus and Parkinson’s disease. Brain 123, 1767–1783. doi: 10.1093/brain/123.9.1767

 Palombo, E., Porrino, L. J., Bakiewicz, K. S., Crane, A. M., Sokoloff, L., and Kopin, L. J. (1990). Local cerebral glucose utilization in monkeys with hemiparkinsonism induced by intracaratoid infusion of the neurotoxin MPTP. J. Neurosci. 10 (3), 860–869. doi: 10.1523/JNEUROSCI.10-03-008601990

 Péchevis, M., Clarke, C. E., Vieregge, P., Khoshnood, B., Deschaseaux-Voinet, C., Berdeaux, G., et al. (2005). Effects of dyskinesias in Parkinson’s disease on quality of life and health-related costs: A prospective European study. Eur. J. Neurol. 12, 956–963. doi: 10.1111/j.1468-1331.2005.01096.x

 Pereira, E. A., Muthusamy, K. A., De Pennington, N., Joint, C. A., and Aziz, T. Z. (2008). Deep brain stimulation of the pedunculopontine nucleus in Parkinson’s disease. Preliminary experience at Oxford. Br. J. Neurosurg. 22 (sup1), S41–S44. doi: 10.1080/02688690802448335

 Pienaar, I. S., and van de Berg, W. (2013). A non-cholinergic neuronal loss in the pedunculopontine nucleus of toxin-evoked Parkinsonian rats. Exp. Neurol. 248, 213–223. doi: 10.1016/j.expneurol.2013.06.008

 Pienaar, I. S., Gartside, S. E., Sharma, P., De Paola, V., Gretenkord, S., Withers, D., et al. (2015). Pharmacogenetic stimulation of cholinergic pedunculopontine neurons reverses motor deficits in a rat model of Parkinson’s disease. Mol. Neurodegener. 10, 1–22. doi: 10.1186/s13024-015-0044-5

 Pirondi, S., Giuliani, A., Del, V. G., Giardino, L., Hokfelt, T., and Calza, L. (2010). The galanin receptor 2/3 agonist Gal2-11 protects the SN56 cells against beta-amyloid 25–35 toxicity. J. Neurosci. Res. 88 (5), 1064–1073. doi: 10.1002/jnr.22278

 Redgrave, P., Mitchell, I. J., and Dean, P. (1987). Descending projections from the superior colliculus in rat: a study using orthograde transport of wheatgerm-agglutinin conjugated horseradish peroxidase. Exp. Brain Res. 68, 147–167. doi: 10.1007/BF00255241

 Ringman, J. M., and Simmons, J. H. (2000). Treatment of REM sleep behavior disorder with donepezil: a report of three cases. Neurology 55 (6), 870–871. doi: 10.1212/WNL.55.6.870

 Rinne, J. O., Ma, S. Y., Lee, M. S., Collan, Y., and Röyttä, M. (2008). Loss of cholinergic neurons in the pedunculopontine nucleus in Parkinson’s disease is related to disability of the patients. Parkinson. Relat. Disord. 14 (7), 553–557. doi: 10.1016/j.parkreldis.2008.01.006

 Romigi, A., Placidi, F., Peppe, A., Pierantozzi, M., Izzi, F., Brusa, L., et al (2008). Pedunculopontine nucleus stimulation influences REM sleep in Parkinson’s disease. Eur. J. Neurol. 15, e64–e65. doi: 10.1111/j.1468-1331.2008.02167.x

 Roseberry, T. K., Lee, A. M., Lalive, A. L., Wilbrecht, L., Bonci, A., and Kreitzer, A. C. (2016). Cell-type-specific control of brainstem locomotor circuits by basal ganglia. Cell 164 (3), 526–537. doi: 10.1016/j.cell.2015.12.037

 Rosin, B., Slovik, M., Mitelman, R., Rivlin Etzion, M., Haber, S., Israel, Z., et al. (2011). Closed-loop deep brain stimulation is superior in ameliorating parkinsonism. Neuron 72, 370–384. doi: 10.1016/j.neuron.2011.08.023

 Rye, D. B., Lee, H. J., Saper, C. B., and Wainer, B. H. (1988). Medullary and spinal efferents of the pedunculopontine tegmental nucleus and adjacent mesopontine tegmentum in the rat. J. Comp. Neurol. 269, 315–341. doi: 10.1002/cne.902690302

 Rye, D. B. (1997). Contributions of the pedunculopontine region to normal and altered REM sleep. Sleep 20, 757–788. doi: 10.1093/sleep/20.9.757

 Sakai, K., and Koyama, Y. (1996). Are there cholinergic and non-cholinergic paradoxical sleep-on neurons in the pons. Neuroreport 7, 2449–2453. doi: 10.1097/00001756-199611040-00009

 Sakai, K., Petitjean, F., and Jouvet, M. (1976).  Effects of ponto-mesencephalic lesions and electrical stimulation upon PGO waves and EMPs in unanesthetized cats. Electroencephalogr. Clin. Neruophysiol. 41, 49–63. doi: 10.1016/0013-4694(76)90214-5

 Sanford, L. D., Morrison, A. R., Mann, G. I., Harris, J. S., Yoo, L., and Ross, R. J. (1994). Sleep patterning and behavior in cats with pontine lesions creating REM without atonia. J. Sleep Res. 527, 213–223. doi: 10.1111/j.1365-2869.1994.tb00136.x

 Sarter, M., Albin, R. L., Kucinski, A., and Lustig, C. (2014). Where attention falls: increased risk of falls from the converging impact of cortical cholinergic and midbrain dopamine loss on striatal function. Exp. Neurol. 257, 120–129. doi: 10.1016/j.expneurol.2014.04.032

 Shouse, M., and Siegel, J. M. (1992).  Pontine regulation of REM sleep components in cats: Integrity of the pedunculopontine tegmentum (PPT) is important for phasic events but unnecessary for atonia during REM sleep. Brain Res 571, 50–63. doi: 10.1016/0006-8993(92)90508-7

 Simon, C., Kezunovic, N., Ye, M., Hyde, J., Hayar, A., Williams, D. K., et al. (2010). Gamma band unit activity and population responses in the pedunculopontine nucleus. J. Neurophys. 104, 463–474. doi: 10.1152/jn.002422010

 Spann, B. M., and Grofova, I. (1989). Origin of ascending and spinal pathways from the nucleus tegmenti pedunculopontinus in the rat. J. Comp. Neurol. 283, 13–27. doi: 10.1002/cne.902830103

 Standaert, D., Saper, C., Rye, D., and Wainer, B. (1986). Colocalization of atriopeptin-like immunoreactivity with choline acetyltransferase- and substance—P-like immunoreactivity in the pedunculopontine and laterodorsal tegmental nuclei in the rat. Neuroscience 382, 163–168. doi: 10.1016/0006-8993(86)90126-5

 Stefani, A., Lozano, A. M., Peppe, A., Stanzione, P., Galati, S., Tropepi, D., et al. (2007). Bilateral deep brain stimulation of the pedunculopontine and subthalamic nuclei in severe Parkinson’s disease. Brain 130 (6), 1596–1607. doi: 10.1093/brain/awl346

 Steriade, M., Datta, S., Paré, D., Oakson, G., and Dossi, C. (1990). Neuronal activities in brain-stem cholinergic nuclei related to tonic activation processes in thalamocortical systems. J. Neurosci. 10, 2541–2559. doi: 10.1523/JNEUROSCI.10-08-025411990

 Steriade, M., Dossi, R. C., Paré, D., and Oakson, G. (1991). Fast oscillations (20-40 Hz) in thalamocortical systems and their potentiation by mesopontine cholinergic nuclei in the cat. PNAS 88, 4396–4400. doi: 10.1073/pnas.88.104396

 Steriade, M., Amzica, F., and Contreras, D. (1996). Synchronization of Fast (30-40 Hz) spontaneous cortical rhythms during brain activation. J. Neurosci. 16, 392–417. doi: 10.1523/JNEUROSCI.16-01-003921996

 Sun, F. T., and Morrell, M. J. (2014). Closed-loop neurostimulation: the clinical experience. Neurotherapeutics 11, 553–563. doi: 10.1007/s13311-014-0280-3

 Surmeier, J. (2018). Etiology of Parkinson"s disease: Cells and circuits (San Diego, CA: Presentation at Neuroscience of Movement Disorders).

 Takakusaki, K., Obara, K., Nozu, T., and Okumura, T. (2011). Modulatory effects of the GABAergic basal ganglia neurons on the PPN and the muscle tone inhibitory system in cats. Arch. Italiennes Biol. 149, 383–405. doi: 10.4449/aib.v149i4.1383

 Thevathasan, W., Silburn, P. A., Brooker, H., Coyne, T. J., Khan, S., Gill, S. S., et al. (2010). The impact of low-frequency stimulation of the pedunculopontine nucleus region on reaction time in parkinsonism. J. Neurol. Neurosurg. Psychiatry 81 (10), 1099–1104. doi: 10.1136/jnnp.2009.189324

 Thevathasan, W., Coyne, T. J., Hyam, J. A., Kerr, G., Jenkinson, N., Aziz, T. Z., et al. (2011). Pedunculopontine nucleus stimulation improves gait freezing in Parkinson disease. Neurosurgery 69 (6), 1248–1254. doi: 10.1227/NEU.0b013e31822b6f71

 Thevathasan, W., Cole, M. H., Graepel, C. L., Hyam, J. A., Jenkinson, N., Brittain, J. S., et al. (2012). A spatiotemporal analysis of gait freezing and the impact of pedunculopontine nucleus stimulation. Brain 135 (5), 1446–1454. doi: 10.1093/brain/aws039

 Ulloor, J., Mavanji, V., Saha, S., Siwek, D. F., and Datta, S. (2004). Spontaneous REM sleepis modulated by the activation of the pedunculopontine tegmental GABAB receptors in the freely moving rat. J. Neurophysiol. 91, 1822–1831. doi: 10.1152/jn.01104.2003

 Vincent, S. R., Satoh, K., Armstrong, D. M., and Fibiger, H. C. (1983). Substance P in the ascending cholinergic reticular system. Nature 306, 688–691. doi: 10.1038/306688a0

 Vitale, C., Marcelli, V., Furia, T., Santangelo, G., Cozzolino, A., Longo, K., et al. (2011). Vestibular impairment and adaptive postural imbalance in Parkinsonian patients with lateral trunk flexion. Mov. Disord. 26, 1458–1463. doi: 10.1002/mds.23657

 Wallace, M. N., and Fredens, K. (1988). Origin of high acetylcholinesterase activity in the mouse superior colliculus. Exp. Brain Res. 72, 335–346. doi: 10.1007/BF00250255

 Wang, H. I., and Morales, M. (2009). Pedunculopontine and laterodorsal tegmental nuclei contain distinct populations of cholinergic, glutamatergic, and GABAergic neurons in the rat. Eur. J. Neurosci. 29, 340–358. doi: 10.1111/j.1460-9568.2008.06576.x

 Welter, M. L., Demain, A., Ewenczyk, C., Czernecki, V., Lau, B., El Helou, A., et al. (2015). PPNa-DBS for gait and balance disorders in Parkinson’s disease: a double-blind, randomised study. J. Neurol. 262 (6), 1515–1525. doi: 10.1007/s00415-015-7744-1

 Xiang, H.-B., Zhu, W.-Z., Guan, X.-H, and Ye, D. W. (2013). The cuneiform nucleus may be involved in the regulation of skeletal muscle tone by motor pathway: A virally mediated trans-synaptic tracing study in surgically sympathectomized mice. Brain 136, 1–4. doi: 10.1093/brain/awt123

 Xiao, C., Cho, J. R., Zhou, C., Treweek, J. B., Chan, K., McKinney, S. L., et al. (2016). Cholinergic mesopontine signals govern locomotion and reward through dissociable midbrain pathways. Neuron 90, 333–347. doi: 10.1016/j.neuron.2016.03.028

 Zhang, Q. J., Liu, J., Wang, Y., Wang, S., Wu, Z. H., Yan, W., et al. (2008). The firing activity of presumed cholinergic and non-cholinergic neurons of the pedunculopontine nucleus in 6-hydroxydopamine-lesioned rats: An in vivo electrophysiological study. Brain Res. 1243, 152–160. doi: 10.1016/j.brainres.2008.09.028

 Zhang, J., Wang, Z. I., Baker, K. B., and Vitek, J. L. (2012). Effect of globus pallidus internus stimulation on neuronal activity in the pedunculopontine tegmental nucleus in the primate model of Parkinson’s disease. Exp. Neurol. 233 (1), 575–580. doi: 10.1016/j.expneurol.2011.07.007



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chambers, Lanza and Bishop. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 29 January 2020
doi: 10.3389/fnins.2020.00025





[image: image]

Neuropsychiatric Disorders in Parkinson’s Disease: What Do We Know About the Role of Dopaminergic and Non-dopaminergic Systems?

Kathy Dujardin1* and Véronique Sgambato2*

1Inserm U1171 Degenerative and Vascular Cognitive Disorders, Lille University Medical Center, Lille, France

2CNRS, Institut des Sciences Cognitives Marc Jeannerod, UMR 5229, Lyon University, Bron, France

Edited by:
Andrew C. McCreary, Uniqure B.V., Netherlands

Reviewed by:
Susan Fox, University Health Network (UHN), Canada
Philippe Huot, McGill University, Canada

*Correspondence: Kathy Dujardin, kathy.dujardin@univ-lille.fr; Véronique Sgambato, veronique.sgambato@inserm.fr

Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Neuroscience

Received: 09 September 2019
Accepted: 10 January 2020
Published: 29 January 2020

Citation: Dujardin K and Sgambato V (2020) Neuropsychiatric Disorders in Parkinson’s Disease: What Do We Know About the Role of Dopaminergic and Non-dopaminergic Systems? Front. Neurosci. 14:25. doi: 10.3389/fnins.2020.00025

Besides the hallmark motor symptoms (rest tremor, hypokinesia, rigidity, and postural instability), patients with Parkinson’s disease (PD) have non-motor symptoms, namely neuropsychiatric disorders. They are frequent and may influence the other symptoms of the disease. They have also a negative impact on the quality of life of patients and their caregivers. In this article, we will describe the clinical manifestations of the main PD-related behavioral disorders (depression, anxiety disorders, apathy, psychosis, and impulse control disorders). We will also provide an overview of the clinical and preclinical literature regarding the underlying mechanisms with a focus on the role of the dopaminergic and non-dopaminergic systems.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease resulting from progressive death of the dopaminergic neurons in the brainstem, particularly the substantia nigra pars compacta (SNc). Besides the hallmark motor symptoms (hypokinesia, rest tremor, rigidity, and postural instability), PD patients have non-motor symptoms including neuropsychiatric disorders (Chaudhuri et al., 2006). These behavioral disorders can be separated into two categories according to their pathogenesis. Depression, anxiety, apathy, and partly psychosis are consequences of the neurodegenerative process while some psychotic symptoms and impulse control disorders (ICDs) occur as adverse effects of some antiparkinsonian drugs. In this article, we will describe the clinical manifestations of these behavioral disorders and provide some elements of epidemiology. We will also provide an overview of the current literature regarding the underlying mechanisms with a focus on the role of the dopaminergic and non-dopaminergic systems at both the clinical and preclinical levels.



SEARCH STRATEGY

A structured search in PubMed for articles written in English up to September 2019 was performed. The following keywords and MeSH terms were used: Parkinson’s disease, depression, depressive, anxiety, anxious, apathy, apathetic, psychosis, hallucination, hallucinatory, delusion, ICDs, impulsivity, impulsive, compulsion, compulsive, gambling, hypersexuality, animal model, 6-OHDA, MPTP, alpha-synuclein, pathophysiology, pathophysiological mechanisms, neurotransmission, neuromodulation, catecholamine, dopamine, dopaminergic system, dopaminergic pathway, non-dopaminergic, non-dopaminergic pathway, serotonin, norepinephrine, noradrenaline, acetylcholine, glutamate, GABA.



DEPRESSION

The prevalence of clinically relevant depressive symptoms in patients with PD ranges from 30 to 35% according to most studies (Reijnders et al., 2008; Aarsland et al., 2011). A study on a very large sample of PD patients showed that this prevalence was higher in female than males, at advanced stages of the disease and in patients with dementia (Riedel et al., 2010).

It is noteworthy that 10 to 27% of early, untreated PD patients have significant depressive symptoms (Ravina et al., 2007b; Dujardin et al., 2014; Weintraub et al., 2015b). Moreover, depression may be a prodromal symptom of PD (Schapira et al., 2017) even though it is not a risk factor for the disease (Ascherio and Schwarzschild, 2016). In PD, there is an increased risk of depression among women, in the advanced stages of the disease and in patients with cognitive impairment (Aarsland et al., 2011).

Core symptoms of depression in PD are sadness, depressed mood, loss of pleasure, feelings of worthless, and guilt. Diagnosis is difficult because some symptoms of depression like slowness, loss of weight, sleep disturbances, or poor emotional expression are also common symptoms of PD and frequently occur in non-depressed PD patients (Okun and Watts, 2002; Brown et al., 2011). According to the last version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), patients with PD may present minor, major or persistent depressive disorders. Depression is often comorbid with anxiety in PD (Brown et al., 2011).

The pathophysiology of depression in PD remains largely unknown and multiple factors (genetic, inflammatory, cellular regulation, signaling pathways, …) are probably incriminated. The loss of dopamine (DA) in the mesocortical and mesolimbic pathways, leading to dysfunction of the orbito-frontal area, is likely involved (Vriend et al., 2014a), as well as the loss of striatal DA, particularly in the caudate (Vriend et al., 2014b). Molecular neuroimaging studies have shown that noradrenaline (NA) (Remy et al., 2005) and serotonin (5-HT) (Boileau et al., 2008; Politis et al., 2010; Ballanger et al., 2012; Maillet et al., 2016) also play a role. The severity of depression in early untreated PD patients correlates with the reduction of the serotonergic innervation in the anterior cingulate cortex (Maillet et al., 2016). Cholinergic deficits may also be involved in PD patients with depression and cognitive deficits (Bohnen et al., 2007). Looking for blood-based biomarkers in PD, one study reported that lower plasma levels of 5-HT and its metabolite 5HIAA correlate with more severe depression in PD patients (Tong et al., 2015). However, data are few and sometimes inconsistent (Aarsland et al., 2011). Further studies are needed to determine how DA and non-DA systems interact in the regulation of mood in PD.

Most of PD patients with depression are treated with selective serotonin reuptake inhibitors (SSRIs) (Starkstein and Brockman, 2017). The efficacy of dopamine agonists to counteract depression is still controversial as pramipexole induced positive results (Barone et al., 2010) but not rotigotine (Chung et al., 2016). One clinical trial has been completed on the safety and efficacy of pimavanserin, a selective 5-HT2A antagonist/inverse agonist, to treat depression in PD but there are no results available (ClinicalTrials.gov Identifier: NCT03482882). Finally, there was a clinical trial on the use of atomoxetine, a potent NA reuptake inhibitor (ClinicalTrials.gov Identifier: NCT00304161) which has been completed and gave negative results as already shown by the same group previously (Weintraub et al., 2010a).

These clinical data are to be compared with experimental data obtained in rodents (rat and mouse) and non-human primate (NHP) models of PD (see Table 1). These models afford substantial resources to investigate the etiology and pathophysiology of PD as well as to develop therapeutic approaches. Animal models of PD include acute toxin models, such as 6-hydroxydopamine (6-OHDA) or 1-methyl-4phenyl-1,2,3,6-tertrahydropyridine (MPTP), as well as genetic models, such as α-synuclein, Parkin and monoamine-related alterations. Depressive-like behavior can be observed in animals using several behavioral paradigms, such as the tail suspension test (Cryan et al., 2005) and the forced swim test (Porsolt et al., 1977). These tests have been used in animal models of PD and most of the studies showed that partial and bilateral DA lesion of the nigrostriatal pathway induced depression-like behaviors, which were predominantly counteracted by dopaminergic medication, although some studies found positive effects of SSRIs. Results are far less strong for genetic studies, which showed either no difference or an increase of depression.


TABLE 1. Summary of the preclinical studies investigating the pathophysiology of PD-related neuropsychiatric-like disorders.

[image: Table 1]By looking more specifically at each of these models, MPTP-treated mice (with a moderate non-selective DA lesion) exhibited an increased depressive-like behavior (Mori et al., 2005; Vuckovic et al., 2008), which was counteracted by L-DOPA or a D2 agonist (Mori et al., 2005). However, these MPTP mice studies did not specifically target the nigrostriatal or mesostriatal dopaminergic pathways and 5-HT levels were also downregulated by MPTP.

The unilateral lesion of the substantia nigra pars compacta (SNc) with the toxin 6-OHDA also induced a depressive-like behavior and a hyperactivity in the lateral habenula. Interestingly, injection of muscimol (a GABAA agonist) in this area had antidepressant-like effects by decreasing the firing rate of the lateral habenula neurons and increasing serotonin release within the medial prefrontal cortex (Wang T. et al., 2017). Degeneration of the nigrostriatal pathway may impair GABA transmission in the lateral habenula, which play a role in regulating PD mood. Furthermore, the modulation of different 5-HT receptors within the lateral habenula also impacted depressive-like behavior in hemiparkinsonian rats (Han et al., 2015, 2016) and lesions of the lateral habenula cause a decrease in depressive-like behavior and an increase of 5-HT levels in the raphe nuclei (Luo et al., 2015). In association to the substantia nigra and raphe, the lateral habenula then probably contributes to the pathophysiological mechanisms of depression. After a moderate bilateral DA lesion of the SNc (noradrenergic neurons were protected from 6-OHDA with desipramine), rats had no locomotion impairment but exhibited more depressive-like behaviors which were reversed by L-DOPA, ropinirole (a D2/D3 agonist), SKF-38393 (a selective D1 agonist), sumanirole (a selective D2 agonist) and PD-128907 (a preferred D3 agonist) but not citalopram (a SSRI) (Carnicella et al., 2014; Drui et al., 2014). This suggests that the injury of the DA nigrostriatal pathway is involved in the pathogenesis of depressive-like behavior in this PD animal model. In agreement with these data, both L-DOPA and pramipexole had anti-depressant effects in the forced swim test and both normalized decreased neurogenesis in the hippocampus in mice with bilateral 6-OHDA intra-nigral lesions (Chiu et al., 2015). Administration of ketamine (an antagonist of NMDA glutamatergic receptors) or imipramine (noradrenalin and serotonin reuptake inhibitor) can also improve depressive-like behavior in rats (Vecchia et al., 2018). Another study has shown that after bilateral intranigral injection of either MPTP or 6-OHDA (leading both to a 50% DA cell loss in the SNc), rats exhibited depressive-like behaviors which were associated to hippocampal reductions of DA, 5-HT and NA, suggesting an involvement of these monoamines in depression after nigral lesions (Santiago et al., 2010). Interestingly, after a partial (around 50%) 6-OHDA lesion of DA neurons from the olfactory bulb, rats exhibited an olfactory impairment, but also depressive-like behaviors (Ilkiw et al., 2019). Moreover, this lesion exacerbated the depressive-like behaviors, classically induced by the bilateral and partial lesion of SNc (Ilkiw et al., 2019), evidencing that the degeneration of the DA pathways within the olfactory bubble also impacts depression in PD.

Regarding the potential involvement of the ventral tegmental area (VTA), conflicting results have been obtained since rats with a bilateral but partial (around 50%) lesion of the medial part of VTA displayed no motor deficits, nor depressive-like behavior (Drui et al., 2014) but anhedonia, a major symptom of depression (Dardou et al., 2014). Another study showed that combined lesions of SNc and VTA led to no motor deficits but a depressive-like behavior, whose severity increased with nigral or the VTA lesions. It was reversed by both citalopram and L-DOPA (Winter et al., 2007). This suggests that SSRIs might be efficient at least partly by modulating the DA system (Ainsworth et al., 1998; Gambarana et al., 1999).

Unilateral 6-OHDA injections into the medial forebrain bundle (MFB) can also be used to model PD in rodents even though it leads to an extensive and not selective DA lesion. Several studies have reported depressive-like behaviors in such lesioned rats without any motor deficit (Winter et al., 2007; Zhang et al., 2011). L-DOPA failed to reverse these behaviors (Eskow Jaunarajs et al., 2010) while acute administration of sarizotan, an agonist at 5-HT receptors and partial agonist at D2 DA receptors had an antidepressant effect (Zhang et al., 2011). Again, these results fit well with the known involvement of the serotonin system in the modulation of depression. Activation of prelimbic 5-HT1A receptors produced antidepressant effects while their blockade favored depressive-like behavior in the MFB-lesioned rats (Hui et al., 2014). It has also been shown that the modulation of 5-HT6 or 5-HT7 receptors within either the prelimbic cortex or the hippocampus had an impact on depressive-like behaviors (Liu et al., 2015; Zhang et al., 2015, 2016). After bilateral injection of 6-OHDA in the MFB, rats exhibited depressive-like behavior, which was dramatically exacerbated when lesions of serotonergic and noradrenergic neurons were combined with the DA one (Faggiani et al., 2015). These data emphasize again the involvement of not only DA but also other monoamine pathways in the pathophysiology of depressive-like behavior in animal models of PD.

Intra-striatal 6-OHDA injections can also be used to model PD, especially at early stages. After bilateral lesion (around 70%) of the dorsolateral striatum (with or without using desipramine to protect noradrenergic neurons), mice displayed slight motor deficits and longer immobility times in forced swim test and tail suspension test (Bonito-Oliva et al., 2014). This depressive-like behavior could be reversed by pramipexole (D2/D3 agonist) as well as by a noradrenaline inhibitor but not by L-DOPA. In another study, rats injected with bilateral 6-OHDA into the dorsal striatum (no use of desipramine), exhibited a mild reduction (36%) of striatal DA associated with increased depressive-like behaviors (Branchi et al., 2008). Other studies have shown that the partial and restricted lesion (50%) of the ventrolateral area of the dorsal striatum triggered no motor deficits but increased depressive-like behavior with monoamines alterations (Tadaiesky et al., 2008; da Silva et al., 2016). Interestingly, while anhedonia-like behaviors were observed shortly after a partial bilateral 6-OHDA lesion of the dorsolateral striatum, rats exhibited depressive-like behavior later, when anhedonia was no more present, indicating a temporal dissociation between the dorsolateral striatum and the prefrontal cortex (Matheus et al., 2016). The dorsolateral part of the striatum has motor and non-motor functions and undergoes extensive DA depletion. This leads to dysfunction of other regions such as the prefrontal cortex which has been associated with the occurrence of anhedonia and depression at premotor stages of PD.

A few studies using genetic models of PD have reported depressive-like behaviors. Mice deficient for the DA D3 receptor do not show significant deficits in locomotion when tested in the open field but exhibit depressive-like behaviors (Moraga-Amaro et al., 2014). In the same line, heterozygote mice for Engrailed 1, a developmental gene controlling the survival of DA neurons, display a progressive loss of the mesencephalic DA neurons, motor deficits as well as depressive-like behaviors (Le Pen et al., 2008). Mice deficient for the vesicular monoamine transporter-2 (VMAT-2) display enhanced depression-like behaviors, which worsen with advancing age (Taylor et al., 2009). The MitoPark mouse is a genetic model of PD, replicating several essential features of PD, including adult onset of DA neuron loss, slow progressive neurodegeneration, formation of intra-neuronal inclusions albeit without α-synuclein, responsiveness to L-DOPA treatment and non-motor deficits. MitoPark mice show a depressive-like phenotype (Cong et al., 2016). This depressive-like phenotype is observed besides several other motor and behavioral deficits and brain structural changes. Several groups have overexpressed α-synuclein in animals as a progressive model of PD (Ulusoy et al., 2010). After bilateral injection of the wild type human α-synuclein in the substantia nigra, which produces a partial DA cell loss (43% in the SNc, 30% in the VTA, 31% in the striatum), rats display depressive-like behaviors, independently of mild locomotor deficits (Caudal et al., 2015).

Up to now, no study has measured or observed a depressive-like behavior in a NHP model of PD. Such studies would be interesting since ethological investigations have shown that some monkeys are more prone to depression than others (Camus et al., 2014).



ANXIETY

The prevalence of anxiety disorders in PD ranges from 25 to 43% (Dissanayaka et al., 2014). It is higher than in other diseases causing similar disability. A recent systematic review considering data from a total of 2399 patients found that the point prevalence of anxiety disorders in PD is 31% (Broen et al., 2016). When referring to the DSM-IV-R diagnostic criteria, generalized anxiety is the most frequent, followed by agoraphobia, social phobia and panic disorder (see Figure 1). A large proportion of patients have multiple anxiety disorders (Leentjens et al., 2011). Moreover, a recurrent observation of the studies is the large proportion of patients (13.3% according to the systematic review) with significant anxiety symptoms that do not fit usual criteria for anxiety disorders (Dissanayaka et al., 2014; Broen et al., 2016). It is considered as “not otherwise specified” (NOS) anxiety disorder (Pontone et al., 2009). It refers to PD-specific anxiety, like phobia of falling, of driving, social phobia related to potentially embarrassing symptoms (drooling, dysarthria, …), anxiety related to withdrawal of DA medication or to wearing-off of medication in patients with fluctuations, panic-like disorder related to OFF periods, among others. Adverse effects of DA medication can also generate significant anxiety as in patients with ICD, DA dysregulation syndrome, or hallucinations. By consequence, anxiety disorders are probably largely underestimated in PD as triggers (predisposing and precipitating factors) are multiple.
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FIGURE 1. Prevalence of anxiety disorders in Parkinson’s disease (adapted from Leentjens et al., 2011). GAD, generalized anxiety disorder; NOS, not otherwise specified.


The main manifestations of anxiety in PD are inability to relax, feeling tense, excessive concern, restlessness. Somatic symptoms may also be observed as palpitations, shortness of breath, sweating, digestive upset, etc. Usually, all the parkinsonian symptoms worsen with anxiety. Moreover, anxiety frequently implies emotion regulation deficits, irritability, excessive tiredness and difficulties falling asleep.

The association between anxiety and motor fluctuations, the significant exacerbation of anxiety provoked by DA withdrawal suggest that neurodegeneration of the DA pathways is involved in anxiety in PD. This is also supported by a study showing that in de novo patients, lower DA uptake at the caudate was associated with more severe trait anxiety (Picillo et al., 2017). However, the pathophysiology of PD-related anxiety disorders is complex and remains to be elucidated. In humans, several neuroimaging studies tried to decipher the mechanisms underlying anxiety in PD. Few specifically focused on anxiety. Most were PET or SPECT studies (Remy et al., 2005; Weintraub et al., 2005; Moriyama et al., 2011; Erro et al., 2012; Ceravolo et al., 2013; Huang et al., 2013; Maillet et al., 2016; Picillo et al., 2017; Wang X. et al., 2017; Joling et al., 2018). Three were volumetric studies (Tinaz et al., 2011; Vriend et al., 2016; Wee et al., 2016). Overall, the functional studies showed the involvement of the striatum and of the DA, 5-HT and NA pathways in the occurrence of anxiety manifestations in PD. The anatomical studies showed reductions in the volume of several brain areas, namely the amygdala, the anterior cingulate cortex and the orbito-frontal cortex. However, most of these studies were correlation studies including PD patients whatever their status in terms of anxiety disorders. Moreover, the anxiety measures used were not always optimal. There is thus a real need of further investigations.

It is absolutely necessary to continue studies to decipher the mechanisms of anxiety in PD. To date, no interventional clinical trial specifically targeting PD-related anxiety has been published. Two trials have just ended but their results are not published. One concerns rotigotine, a D2–D3 agonist (ClinicalTrials.gov Identifier: NCT02365870). The other concerns buspirone, a 5-HTA1 agonist (ClinicalTrials.gov Identifier: NCT02803749).

Anxiety-like behaviors can be observed in animals using several behavioral paradigms such as the elevated plus maze, the Light/Dark box and the open field. These tests have been used in animal models of PD and most of the literature report an increased anxiety-like behavior in 6-OHDA- or MPTP-lesioned animals (Table 1). In contrast, genetic models of the disease either show no difference or a decrease of anxiety-like behavior.

Specifically, after a MPTP intoxication that causes an almost complete depletion of striatal DA, mice exhibited motor deficits and an increased anxiety-like behavior, concomitant with a reduction of 5-HT levels in the basolateral nucleus of the amygdala (BLA) (Gorton et al., 2010). Several studies also reported an increase in anxiety-like behavior after bilateral intranigral injection of MPTP in rats (Wang et al., 2009; Sy et al., 2010).

After 6-OHDA bilateral lesion of nigral neurons within the SNc (inducing a maximal DA loss of about 70% in the dorsal striatum, noradrenergic neurons being protected with desipramine), rats exhibited no motor deficits but an increased anxiety-like behavior (Carnicella et al., 2014; Drui et al., 2014). A significant correlation was found between the latency of response and the striatal DA loss, suggesting that the increased anxiety-like response was related to the degree of striatal DA depletion (Drui et al., 2014). However, no similar correlations were found in the elevated plus-maze. DA agonists (SKF-38193, Sumanirole, and PD-128907) all reduced anxiety-like behavior in these 6-OHDA bilaterally lesioned rats (Carnicella et al., 2014). Another study showed that after a partial (less than 45%) and bilateral 6-OHDA lesion of the SNc (desipramine use), rats displayed an increased anxiety-like behavior as well as motor deficits (Campos et al., 2013). Bilateral partial (48%) lesion of the SNc induces significant deficits in the elevated plus maze, which were not reversed by either acute or chronic treatment with L-DOPA (Loiodice et al., 2019). This lesion was not associated to motor impairment.

The partial and bilateral lesion of the medial VTA failed to induce anxiety (Drui et al., 2014). On the contrary, after unilateral 6-OHDA MFB lesion, rats exhibited a mild increase of anxiety-like behavior, which could not be improved by chronic L-DOPA (Eskow Jaunarajs et al., 2010). However, other studies using the same type of lesion have shown anxiety-like behaviors, which could be improved by chronic L-DOPA or diazeapam (O’Connor et al., 2016), but not by sarizotan (Zhang et al., 2011) or diazepam (O’Connor et al., 2016). Several studies have shown that acting on 5-HT1A, 5-HT6 or 5-HT7 receptor subtypes within the amygdala, the hippocampus or the prelimbic cortex can modulate anxiety-like behavior (Sun et al., 2015, 2018; Du et al., 2018; Zhang et al., 2018; Liu et al., 2019), underlying the major role of the serotonergic system in anxiety-like behavior in PD animal models. However, another study has shown, in 6-OHDA bilaterally MFB lesioned rats, that the additional depletion of serotonin or of noradrenalin had no further effects on anxiety-like behavior (Faggiani et al., 2015). However, L-DOPA enhanced the firing rate of amygdala and significantly decreased anxiety in these animals (Faggiani et al., 2018). This suggests that the increased activity of serotonin neurons may enhance the anxiolytic action of L-DOPA.

In mice, bilateral 6-OHDA lesion (75%) of the dorsolateral striatum also led to an increased anxiety-like behavior with slight motor deficits (Bonito-Oliva et al., 2014). This anxiety-like behavior was corrected by pramipexole (but not by L-DOPA) and reboxetine (a selective noradrenaline reuptake inhibitor), and was independent of noradrenaline depletion as the use of desipramine to protect noradrenergic neurons from the toxicity of 6-OHDA did not modify this anxiety-like behavior (Bonito-Oliva et al., 2014). Again, this suggests that the depletion of DA caused by 6-OHDA is sufficient to induce affective-like symptoms. Other studies showed increased anxiety in rats with a bilateral and partial (less than 50%) lesion of the striatum inducing slight motor deficits as well (Tadaiesky et al., 2008; Chen et al., 2011a; da Silva et al., 2016). The administration of an antagonist of metabotropic receptors was efficient to counteract both behavioral and neuronal changes (Tadaiesky et al., 2008; Chen et al., 2011a, b; da Silva et al., 2016).

A few studies have reported anxiety-like symptoms in genetic mouse models of PD. For instance, Zhu and colleagues reported increased anxiety-like behavior in Parkin deficient mice (Zhu et al., 2007). VMAT-2 deficient mice display an enhanced anxiety-like behavior, worsening with aging (Taylor et al., 2009). Compared to α-synuclein deficient mice and wild-type controls, mice overexpressing the human mutated form A53T of α-synuclein exhibited, besides early and late stage cognitive and sensorimotor deficits, a reduced anxiety-like behavior (George et al., 2008). These results indicate a possible role for α-synuclein in anxiety-like behavior.

Regarding studies performed on monkey models of PD, only one study mentioned the case of a transgenic macaque monkey expressing the mutated form of α-synuclein and exhibiting an enhanced anxiety-like behavior (Niu et al., 2015).



APATHY

Clinically, apathy refers to a set of behavioral, emotional and cognitive manifestations, such as reduced interest and participation in the main activities of daily life, loss of initiative, lack of perseverance, indifference, and flattening of affect. As noted by Marin, apathy can exist per se as a syndrome. It is not just a symptom of depression or dementia (Marin, 1991). The definition of Marin was anchored on the motivational component of apathy: “diminished motivation not attributable to diminished level of consciousness, cognitive impairment, or emotional distress” (Marin, 1996). Due to the difficulty of addressing the concept of motivation, a more operational definition of apathy is currently preferred. According to the recent revision of the clinical diagnosis criteria (see Table 2), apathy corresponds to a quantitative reduction of goal-directed activity either in behavioral, cognitive, emotional, or social dimensions in comparison to the patient’s previous level of functioning in these areas (Robert et al., 2018).


TABLE 2. Criteria for clinical diagnosis of apathy.

[image: Table 2]According to a meta-analysis on a large set of data, the mean prevalence of apathy in PD is 39.8% (n = 5,388; 95% CI 34.6–45.0%) (den Brok et al., 2015). Patients with apathy are on average older than the non-apathetic patients, have more impaired cognition in general and executive function in particular, have more severe motor symptoms and an increased risk of co-morbid depression. Apathy may be a predictive factor for dementia and cognitive decline over time (Dujardin et al., 2009; Pedersen et al., 2009).

Regarding the mechanisms underlying apathy, most neuropathological and neuroimaging studies in apathetic patients show abnormalities in a network of brain regions involved in motivated behavior, especially the dorsal part of the anterior cingulate cortex, the medial orbitofrontal cortex and the ventral striatum, under the influence of the mesolimbic DA system originating in the VTA (Heron et al., 2018). However, only few studies have examined the pathophysiology of apathy in PD patients. Reijnders et al. (2010) used voxel-based morphometry to identify the anatomical correlates of apathy in a group of 60 PD patients (16% were apathetic). High apathy scores were correlated with lower cognitive efficiency, more depressive symptoms and low gray matter density in the posterior cingulate, precuneus, insula and inferior parietal gyrus. Carriere et al. (2014) compared with shape analysis the volume of the striatum in apathetic vs. non-apathetic PD patients and showed a remodeling of the left caudate and left accumbens in apathetic patients. Most other studies in PD have used functional imaging. Remy et al. (2005) used [11C]-RTI-32 Positron emission tomography (PET), an in vivo marker of both DA and NA membrane transporters, with low affinity for 5-HT transporters. They found that apathy scores were negatively correlated with binding potential values in the ventral striatum bilaterally, suggesting that catecholamine denervation of this area has a role in apathy. We used [11C]DASB and [11C]PE2I PET, radioligands, binding to the serotonergic and dopaminergic transporters, respectively (Maillet et al., 2016) and found that the severity of apathy in 12 de novo PD patients was mainly related to specific serotonergic lesions within the right-sided anterior caudate nucleus and the orbitofrontal cortex. Robert et al. (2012) used 18FDG PET to measure glucose metabolism in 45 patients with PD and reported a correlation between the severity of apathy symptoms and cerebral metabolism in the inferior frontal gyrus, middle frontal gyrus, cuneus and anterior insula, at the right side. As apathy is a possible complication of the treatment of PD with deep brain stimulation of the subthalamic nucleus (STN-DBS), several studies have used the model of STN stimulation to investigate the pathophysiology of apathy in PD. Jeune et al. (2009) observed a worsening of apathetic symptoms after surgery and showed that this change was correlated with greater glucose metabolism in the right frontal middle gyrus (Brodmann area 10) and right inferior frontal gyrus (Brodmann areas 46 and 47) and lower glucose metabolism in the right posterior cingulate gyrus (Brodmann area 31) and left medial frontal lobe (Brodmann area 9). According to Jeune et al. (2009), stimulation of the STN could have a negative effect on the limbic territory of the STN, thus destabilizing the limbic circuit. The same team showed that reduced preoperative glucose metabolism within the right ventral striatum was associated with the occurrence of post-surgery apathy (Robert et al., 2014).

Thobois et al. (2010) used PET with an antagonist of DA D2 receptors to investigate the role of DA denervation in post-surgery apathy. They compared 12 patients who had developed apathy after initiation of DBS and 13 control PD patients who had not developed apathy after stimulation. Binding potential values were higher in apathetic patients compared with non-apathetic patients, in the orbito-frontal, dorsolateral and posterior cingulate cortex, bilaterally, as well as in the left striatum and right amygdala. After a challenge with methylphenidate, a drug that inhibits the reuptake of DA and NA and increases DA concentration at dopaminergic terminals, they observed that apathetic patients had lower reserve of endogenous DA. Although these results are consistent with a hypodopaminergic etiology of apathy in PD, other neurotransmitter systems are probably involved. As already mentioned, we found a prominent role of serotonergic degeneration in the occurrence of apathy at early stage of the disease (Maillet et al., 2016). This was confirmed by a complementary study by Prange et al. (2019) showing microstructural changes specifically associated with apathy in the limbic system in de novo patients with apathy compared with non-apathetic patients and healthy controls. These changes overlapped with the functional alteration of the serotoninergic terminals but not with the dopaminergic abnormalities (Prange et al., 2019). Given the links between apathy and cognitive decline in PD patients, a role of cholinergic denervation is also possible. The reduction of apathy symptoms by administration of rivastigmine, an inhibitor of acetylcholinesterase, reinforced such an assumption (Devos et al., 2013). Further confirmation of the role of non-dopaminergic systems in the PD apathy is still needed.

The first studies searching for a pharmacological treatment of apathy targeted the dopaminergic pathway. Czernecki et al. (2008) were the first to describe an improvement of post-surgery apathy after administration of ropinirole in a small group of patients. However, the level of evidence was very low. Later, Thobois et al. (2013) tested the effectiveness of piribedil to reduce post-surgery apathy in PD. They observed a significant reduction of the symptoms after 12 weeks of pharmacotherapy (Thobois et al., 2013). The effectiveness of rotigotine, another D2/D3 dopamine agonist, on apathy was also tested but there was no effect on the symptom severity (Hauser et al., 2016). Methylphenidate, a drug enhancing mesolimbic dopaminergic stimulation, was shown to improve apathy in an 82-year-old patient. Its effectiveness was not explored further in PD (Chatterjee and Fahn, 2002). As stated above, the efficacy of rivastigmine, an acetylcholinesterase inhibitor, on apathy in non-demented, non-depressed patients was also tested (Devos et al., 2013). Compared with placebo, there was a significant improvement of apathy in the rivastigmine group, particularly on the cognitive and initiation components of apathy.

Apathy is difficult to assess in animals. Some behavioral conditions considered as “activities of daily life” can be used in rodents such as the burrowing test or the nest building test. Other tests can also be used such as the runway task for food, operant sucrose self-administration and the saccharin preference test. There are very few studies on apathy-like behavior in PD animal models (Table 1). Three studies from the same group have evidenced motivational deficits after the selective, partial (less than 70%) and bilateral 6-OHDA lesion of the SNc in rats (Carnicella et al., 2014; Drui et al., 2014; Favier et al., 2014). But these animals also exhibited depressive-like and anxious-like behaviors. This apathy-like behavior, which was detected with the operant sucrose self-administration, was only improved by drugs preferentially acting on D3 type of DA receptors such as ropinirole, pramipexole, and PD-128907. Lesion of the medial part of VTA did not induce such a behavior, indicating that damage of the nigrostriatal pathway is a key risk factor to develop apathy-like behavior in the 6-OHDA rat model of PD. Another study did report behavioral signs of apathy in aged mice deficient for the vesicular monoamine transporter 2 (Baumann et al., 2016).

We have shown that apathy-like behavior (a hypoactive state with loss of motivation for food) can be induced by non-DA pharmacological dysfunction of the primate ventral striatum (Sgambato-Faure et al., 2016; Voon et al., 2017; Sgambato and Tremblay, 2018). This behavior involved a circuit including the orbital and medial prefrontal cortex, anterior insula, and lateral parts of medial output basal ganglia regions. This lack of motivation was induced by bicuculline (a GABAA antagonist) in moderately DA-depleted monkeys, suggesting that dopamine might only modulate the expression of apathy rather than cause it. However, another group has shown in MPTP-treated monkeys that the dopaminergic pathways play a key role in apathy-like behavior (Brown et al., 2012). Specifically, they tested the impact of MPTP on the monkeys’ willingness to attempt goal-directed behaviors (Brown et al., 2012). Using PET imaging and post-mortem analysis, they showed that apathy-like scores correlated with the degree of lesion of the DA mesostriatal pathway, and that dysfunction of the mesostriatal pathway predicted apathy-like behavior better than DA nigrostriatal dysfunction. More recently, the same group has extended these findings by showing that DA dysfunction in cortical regions also contributed to the development of apathetic behavior in NHP (Tian et al., 2015). Apathy scores correlated with DA injury (detected by PET tracers) in the dorsolateral prefrontal cortex, ventromedial prefrontal cortex, and insular cortex. Furthermore, only VTA cell counts could predict DAT changes in the insular cortex, suggesting a particular role for this pathway in the manifestation of apathy in this monkey model of PD. Contrary to the results in rodents, these data indicate a key role for the VTA involving both subcortical and cortical regions in the pathophysiology of apathy. Further studies investigating the role of both DA and non-DA pathways in apathy-like behavior in PD animal models are thus warranted.



PSYCHOSIS

In PD, psychosis encompasses a set of symptoms including illusions, hallucinations, delusions, and related symptoms. These symptoms are typically visual, more rarely in other modalities. They usually form a continuum progressing with the course of the disease (Ffytche and Aarsland, 2017). Passage (feeling like something is passing at the outer visual field) and presence (feeling that someone is close by) hallucinations as well as illusions (mis- or distorted perception of an actual stimulus) are the most common symptoms at early stage of the disease. Passage and presence hallucinations may concern 50% of the patients (Wood et al., 2015). As the disease progresses, visual hallucinations in PD may be complex and formed, usually vision of animals, people or objects. The scene is often stereotyped. They tend to occur in a low sensory environment. The hallucinations usually ignore the patient and disappear when approaching. Initially, insight is preserved but later, it is lost and contribute to the development of delusions.

There are few prevalence studies and frequencies vary widely. Point prevalence of complex hallucinations ranges from 22 to 38% (Fenelon and Alves, 2010). The prevalence of minor psychotic symptoms is much more variable. Fénelon et al. (2000) reported that 26% of a sample of 216 consecutive patients taking medication had minor hallucinations. In early diagnosed untreated patients, we observed that 6.32% had minor hallucinations (Dujardin et al., 2014) while another study reported a much higher prevalence of 42% (Pagonabarraga et al., 2016). The risk of developing visual hallucinations increases with age, severity of motor and cognitive symptoms, disease duration and medication (Fenelon and Alves, 2010). Moreover, visual hallucinations have been shown to be the main risk factor for nursing home placement (Aarsland et al., 2000). It increases the risk of cognitive impairment and dementia (Guo et al., 2019) and mortality (Goetz and Stebbins, 1995).

The mechanisms behind visual hallucinations (VH) remain largely unknown. Changes in visual information processing are incriminated. For example, compared with patients without visual hallucinations and healthy controls, PD patients with visual hallucinations had a thinning of the retinal nerve fiber layer, as measured by optical coherence tomography (Lee et al., 2014). Some studies have shown that PD patients with visual hallucinations have lower performance in visuospatial tasks, but findings are not consistent probably due to a lack of sensitivity of the tests and variability of the populations (for a review, see Ffytche and Aarsland, 2017). However, changes in the networks involved in perceptual and cognitive processing of visual information have been shown by anatomical and functional neuroimaging studies in patients with visual hallucinations compared with those without visual hallucinations. Most anatomical studies reported an atrophy in areas corresponding to dorsal and ventral visual streams (for a review, see Ffytche and Aarsland, 2017). Functional MRI (fMRI) studies reported reduced activity of the visual areas compensated by an increased activity in the associative cortical areas (Diederich et al., 2009; Shine et al., 2012; Yao et al., 2014, 2015, 2016; Shine et al., 2015). However, a better understanding of the pathophysiology of chronic visual hallucinations in PD lacks a direct exploration of the brain changes at the time of hallucination (i.e., capture studies). Because of the challenging nature of state explorations of hallucinations, only two studies were in PD. One single-case study reported the results of an fMRI scan performed in a 66-year old PD patient at time of hallucinations (Goetz et al., 2014). When comparing epochs with and without VH, there was an increased activation in a large attentional network and decreased activation in the right primary visual cortex. Recently, we measured brain functional changes when VH occurred in seven PD patients. We observed increased connectivity in visual networks concomitant to VH (Dujardin et al., 2019).

According to clinical experience, DA agonists may cause the onset of hallucinations, suggesting a role of the dopaminergic pathways in the occurrence of psychosis. However, the role of medication is very controversial since visual hallucinations are observed even in drug-naïve patients. As suggested by a work group on psychosis in PD, anti-parkinson medication is more to consider as a modifier than a trigger of hallucinations (Ravina et al., 2007a; Dujardin et al., 2014; Weintraub et al., 2015a). Regarding the other neuromodulation systems, the benefit of acetylcholinesterase inhibitors on symptoms suggests an involvement of the cortical cholinergic pathway (Burn et al., 2006; Oh et al., 2015). Moreover, an atrophy of the substantia innominate has been observed in PD patients with hallucinations (Shin et al., 2012). A contribution of 5-HT has also been suggested since a 5-HT depletion in the ventral occipitotemporal regions and bilateral frontal cortex was found in PD patients with visual hallucinations (Ballanger et al., 2010). However, further investigations are really needed to better understand the respective role of DA and non-DA pathways in the occurrence of psychosis in PD.

Pharmacological treatments currently available to reduce psychosis in PD patients have an action on these DA and 5-HT pathways. Benefits on psychotic symptoms have been reported in several placebo-controlled trials with clozapine and pimavanserin while quietapine and olanzapine provided no significant benefit (Wilby et al., 2017).

The number of studies in which psychosis-like symptoms have been observed in animal models of PD is still limited (Table 1). Behavioral assays such as head switches, hallucinatory-like responses, amphetamine-induced locomotor activity and disrupted prepulse inhibition are frequently used to assess antipsychotic activity. These tests have been used in animal models of PD.

Animals with bilateral 6-OHDA lesions of the substantia nigra display motor impairments as well as increased head twitches, locomotor activity, and disrupted prepulse inhibition (McFarland et al., 2011; Hubbard et al., 2013). Pimavanserin, a selective 5-HT2A antagonist/inverse agonist, reverse psychosis-like behaviors, suggesting that 5HT2A antagonism/inverse agonism may treat psychosis in PD.

A psychosis-like behavior rating scale has been developed and used in MPTP-treated marmosets (Fox et al., 2006; Visanji et al., 2006). This scale allows to assess four types of psychosis-like behaviors: agitation, hallucinatory-like responses to non-apparent stimuli, obsessive grooming, and stereotypies. It has been shown that L-DOPA, apomorphine, pramipexole, pergolide, ropinirole reversed motor symptoms and induced psychosis-like behaviors in MPTP-intoxicated marmosets, and that amantadine exacerbated them (Fox et al., 2006; Visanji et al., 2006). Finally, while haloperidol reduced those behaviors but increases motor symptoms, clozapine and quietapine reduced them without exacerbating parkinsonian disability. We have shown that L-DOPA triggered such psychosis-like behaviors in moderately-lesioned macaque monkeys and that these psychosis-like behaviors were reduced following lesion of serotonergic fibers by MDMA (Beaudoin-Gobert et al., 2015). Altogether, these data suggest both DA, 5-HT and glutamatergic mechanisms are involved in the pathophysiology of psychosis-like behavior.



IMPULSE CONTROL DISORDERS

Impulse control disorders refer to a class of psychiatric disorders characterized by impulsivity, i.e., an urge or failure to resist to temptation. In the DSM-5, it is included in a new section labeled “disruptive, impulse control, and conduct disorders.” ICDs result in behaviors performed repetitively, excessively, and compulsively to an extent that interferes with major areas of daily life (Weintraub and Claassen, 2017). The individual pursues certain reward-based activities without taking account of the potentially deleterious consequences of these repetitive activities. The semiology is diverse. In PD, four major forms of ICDs have been described: pathological gambling, compulsive buying, pathological sexual behavior, and compulsive eating. Other impulsive/compulsive behaviors are linked, namely DA dysregulation syndrome (Giovannoni et al., 2000), an addiction to DA medication, particularly high-potency and short-acting drugs (e.g., subcutaneous apomorphine or dispersible formulation of levodopa). Related phenomena have also been identified as punding (repetitive, purposeless, and stereotyped behaviors) (Spencer et al., 2011), hobbyism (excessive exercise or creative activities) and hoarding (acquisition and keeping of a large number of items with little or no objective value, e.g., used gloves) (O’Sullivan et al., 2010). Very often, those patients also develop hypomania which interferes at lot with their familial and social life.

Regarding prevalence, the main available data come from the DOMINION study, which included 3090 PD patients from movement disorders clinics in North America and assessed the frequency of the four main ICDs (Weintraub et al., 2010b). It revealed that 13.6% of patients had one or more ICDs (compulsive buying in 5.7%, gambling in 5%, binge eating disorders in 4.3% and compulsive sexual behavior in 3.5%) and 3.9% had two or more ICDs. Similar prevalence data have been reported in studies conducted in different countries around the world (for a review, see Weintraub and Claassen, 2017). The Italian multi-center prospective ICARIUS study reported a higher point prevalence with 28.6% of the 1069 patients having at least one ICD (Antonini et al., 2017). The 2-year incidence was of 20.6% (Barone et al., 2019). The prevalence of the other impulsive/compulsive disorders is not well-documented.

Dopamine replacement therapy, namely DA agonist use, is the main risk factor for ICDs. In the DOMINION study, ICDs were more frequent in patients receiving DA agonists (17.1%) than in patients only treated by levodopa (6.9%). An analysis on the baseline data of the Parkinson’s Progression Markers Initiative (PPMI) cohort, including 168 untreated PD patients and 143 healthy control subjects, revealed that the frequencies of ICDs and related symptoms did not differ in both groups (Weintraub et al., 2013). After 24-month follow-up, there was no increase of ICDs prevalence in the PD patient group, overall. However, in those who were on DA replacement therapy for at least 1 year, the incidence of ICDs was significantly higher than in patients still untreated or who initiate DA replacement therapy for less than 1 year (de la Riva et al., 2014). Hence, these results suggest that PD itself does not increase the risk to develop ICDs but reinforce the hypothesis that DA medication plays a major role in the occurrence of such disorders. The risk is greater with DA agonists having a preferential selectivity for D3 and D2 receptors, suggesting that the mesocortical and mesolimbic dopaminergic pathways are most likely involved. These pathways play a key role in reward-based learning and decision-making (Ballard et al., 2011; Haber, 2014; Hauser et al., 2017). Dysfunction of this DA system was confirmed by several neuroimaging studies (Cilia et al., 2008; Steeves et al., 2009; Voon et al., 2010, 2014). However, ICDs seem to be multi-determined and dysfunction of the mesocorticolimbic system due to DA replacement therapy is not the only underlying mechanism. Other clinical features (early onset disease, comorbid depression, and anxiety), premorbid (personality traits, genetic polymorphisms, past history of addiction), environmental (ease to access to the internet, pornography, casino, etc.), demographical (higher frequency of hypersexuality in men than women while the inverse is observed for compulsive buying) and cultural factors, cognitive bias (altered executive functions and decision-making) also influence the occurrence of ICDs (Weintraub et al., 2015b). Other neuromodulation systems are probably also involved, as suggested by studies in animal models of PD but further investigations are needed in patients.

To date, there is no available treatment for ICDs (Gatto and Aldinio, 2019). One clinical trial should recruit PD patients soon. It concerns pimavanserin, a selective 5-HT2A inverse agonist (ClinicalTrials.gov Identifier: NCT03947216). Another trial has started recruiting PD patients. It will test the efficacy of clonidine, an α2 noradrenergic agonist (ClinicalTrials.gov Identifier: NCT03552068).

The number of studies in which impulsive/compulsive-like behavior has been modeled in animal models of PD is still quite limited (Table 1). Several models try to recapitulate the DA deficit of early or more advanced PD and the impulsive or compulsive traits provoked by DA loss in association with dopatherapy, in order to better understand pathophysiological mechanisms. Impulsive or compulsive behaviors can be observed in animals using several behavioral tasks, such as food-related instrumental learning tasks (5-choice reaction time task, delay-discounting task, rat gambling task, rodent betting task, etc.). Some of these tests have been used in animal models of PD.

Specifically, the lesion of the DA pathway seems to be necessary but not always sufficient to induce impulsive/compulsive-like behaviors, in agreement with the clinical study mentioned above, showing that the DA lesion by itself does not confer any risk for ICDs in de novo PD patients (Weintraub et al., 2013). On the 6-OHDA rat model of PD, it has been shown that bilateral dopaminergic lesions (use of desipramine) of the dorsolateral striatum increase impulsivity using a delay-discounting task (Tedford et al., 2015). Delivery of pramipexole via osmotic pumps enhanced impulsivity (risk-taking), which is reduced by mirtazapine, a NA and 5-HT antidepressant in those moderately-lesioned rats (Holtz et al., 2016). Moreover, the administration of chronic pramipexole to bilaterally 6-OHDA-lesioned rats (75% of DA lesion in the SNc and 50% in lateral part of VTA; with desipramine pretreatment; minor motor impairment) was required to induce a compulsive-like behavior (using a lever-pressing task), the DA lesion by itself being without any effects (Dardou et al., 2017). Furthermore, mapping performed with the expression of the immediate early gene c-fos suggests that the behavior is supported by the activation of the orbitofrontal cortex and the dorsal striatum (Dardou et al., 2017). This is consistent with previous studies showing that activation (Ahmari et al., 2013) or inhibition (Burguière et al., 2013) of the orbitofrontal cortex–striatal pathway modulates repetitive grooming in mice. In normal unlesioned rats, chronic pramipexole failed to induce compulsive behavior (Dardou et al., 2017). By contrast, quinpirole administration does induce compulsive checking behavior and is used as a rat model of obsessive-compulsive disorders (Winter et al., 2008). Compulsive behavior may share similarities with habit formation (Graybiel and Rauch, 2000) and lesion of the striatum is known to increase perseverative behavior in rodents on a 5-choice serial reaction time task in rodents (Baunez and Robbins, 1999).

Regarding genetic models of PD, it has been shown recently that the bilateral SNc lesion (64% of loss considered as mild) in rats overexpressing human A53T mutated α-synuclein, enhanced waiting impulsivity (increases of the premature response rate using the 5-choice serial reaction time task) and that this behavior was further exacerbated with long-term administration of pramipexole in both OFF and ON states (Jiménez-Urbieta et al., 2019). By contrast, pramipexole was not associated with changes in compulsivity. Similarly, α-synuclein-induced nigrostriatal neurodegeneration increases impulsivity by itself, subsequent chronic pramipexole administration exacerbating it (Engeln et al., 2016). Impulsive behavior does not develop in 6-OHDA-lesioned rodents (Baunez and Robbins, 1999; Carvalho et al., 2017). Differences may rely on the severity and topography of the dopaminergic lesions and on the tests used.

We have shown that impulsive and compulsive behaviors can be induced by pharmacological perturbation of different basal ganglia territories in NHP (for a review, see Sgambato and Tremblay, 2018). Compulsive behaviors were exhibited by both normal and DA-moderately lesioned monkeys. They involved a circuit including the lateral orbitofrontal cortex and limbic parts of the basal ganglia (Sgambato-Faure et al., 2016). Further studies are needed to investigate pathophysiological mechanisms of such behavioral disorders in parkinsonian monkeys.



LIMITATIONS OF THE EXISTING ANIMAL MODELS OF PD-RELATED NEUROPSYCHIATRIC DISORDERS AND FUTURE DIRECTIONS

Most of the existing animal models on PD rely on the use of neurotoxins (Cenci and Sgambato, 2019). 6-OHDA is used in mice and rats, while MPTP is mainly used in mice and monkeys (although it can also be used in rats). These neurotoxic models have been used extensively in the past to study motor aspects related to PD. As research now also aims at studying non-motor symptoms, these models have important limitations because the DA lesion of the nigrostriatal system often induces a decrease in motor abilities. Moreover, these neurotoxic models do not reproduce all the pathological features of the disease such as the formation of protein aggregates resembling Lewy bodies, or the involvement of brain regions outside of the nigrostriatal DA system. The same models are used to study the pathophysiological mechanisms of different neuropsychiatric-like disorders, without any specificity. There is therefore a real need to evolve these animal models, with more specific tools and/or combined lesions or impairments, to better understand the dysfunctions associated to each neuropsychiatric symptom. An important advance has been made with the development of genetic models of PD, including those based on the use of alpha-synuclein. This abnormally folded protein is enriched in Lewy bodies, the pathological sign of the disease. The injection and overexpression of this protein (in its native or mutated form) in the substantia nigra induces a more progressive loss of DA neurons. This offers the possibility of a longer asymptomatic motor phase to evaluate neuropsychiatric symptoms, without interference with motor signs. This is interesting in the case of depression and anxiety, for example, which may occur during the prodromal phase of PD. Moreover, we must really diversify our models to be able to mimic different stages of progression of the disease and the associated symptoms.

Finally, we have summarized in Table 3 the current knowledge regarding the potential involvement of the neurotransmission systems in the pathophysiology of neuropsychiatric disorders through the different species used (rodent and primate). It comes out that, although the DA and 5-HT systems seem to be involved in the pathophysiology of all these symptoms, the other systems have been much less studied. For example, in PD patients, there is evidence for an involvement of the cholinergic system in depression, apathy and psychosis but, to our knowledge, no animal study has yet shown causal links between an alteration of this system and the expression (or the modulation) of a neuropsychiatric-like symptom. Furthermore, there is a real need for new preclinical studies on the pathophysiological substrates of apathy, psychosis and ICD as the arsenal of drugs to treat these disorders in patients is limited or non-existent (for ICD).


TABLE 3. Overview on the involvement of DA and non-DA systems in the pathophysiology of neuropsychiatric disorders through the different species used.

[image: Table 3]


CONCLUSION

Neuropsychiatric disorders are among the most common and disabling non-motor manifestations of PD. Their negative impact on quality of life of both the patients and caregivers is indubitable. They also result in a heavy socio-economic cost. In spite of that, the underlying mechanisms remain largely unknown. Available data suggest that both dopaminergic and non-dopaminergic (serotonergic, noradrenergic, cholinergic, glutamatergic, and GABAergic) systems are involved in the expression or modulation of these disorders. Translational studies with valid animal models of PD and well-characterized group of patients are needed to continue deciphering the affected processes and propose efficient therapeutic strategies.
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Depression is a common comorbid condition in Parkinson’s disease (PD). Patients with depression have a two-fold increased risk to develop PD. Further, depression symptoms often precede motor symptoms in PD and are frequent at all stages of the disease. However, the influence of a depressive state on the responses to antiparkinson treatments is largely unknown. In this study, the genetically inbred depression-like flinders sensitive line (FSL) rats and control flinders resistant line (FRL) rats were studied in models of experimental parkinsonism. FSL rats showed a potentiated tremorgenic response to tacrine, a cholinesterase inhibitor used experimentally to induce 6 Hz resting tremor reminiscent of parkinsonian tremor. We also studied rats lesioned with 6-OHDA to induce hemiparkinsonism. No baseline differences in dopaminergic response to acute apomorphine or L-DOPA was found. However, following chronic treatment with L-DOPA, FRL rats developed sensitization of turning and abnormal involuntary movements (AIMs); these effects were counteracted by the anti-dyskinetic 5-HT1A agonist/D2 partial agonist sarizotan. In contrast, FSL rats did not develop sensitization of turning and only minor AIMs in response to L-DOPA treatment. The roles of several non-dopamine systems underlying this discrepancy were studied. Unexpectedly, no differences of opioid neuropeptides or serotonin markers were found between FRL and FSL rats. The marked behavioral difference between the FRL and FSL rats was paralleled with the striatal expression of the established marker, c-fos, but also the GABAergic transporter (vGAT), and a hitherto unknown marker, tamalin, that is known to regulate mGluR5 receptor function and postsynaptic organization. This study demonstrates that behavioral and transcriptional responses of non-dopaminergic systems to experimental parkinsonism and L-DOPA are modified in a genetic rat model of depression.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and is diagnosed based on the presence of bradykinesia, rigidity and tremor (Kalia and Lang, 2015). PD patients often have comorbid depression that may precede the onset of motor signs, but is frequently present at all stages of the disease (Aarsland et al., 2012). When comparing PD patients to patients suffering from other chronic motor disabilities, parkinsonian individuals score higher in rating scales for depression (Robins, 1976).Thus, depression symptoms appear to be a part of PD pathology and not only a reaction to the somatic disease manifestations. In fact, unipolar depressed patients have a two-fold increased risk of being diagnosed with PD when compared to other groups with chronic illness that also need continuous treatment (Nilsson et al., 2001; Leentjens et al., 2003). Despite the clinical importance, few preclinical or clinical studies have examined how a depressive state affects the progression of PD or the response to antiparkinson treatments.

The flinders sensitive line (FSL) of rats is commonly used as a genetic animal model of depression with the flinders resistant line (FRL) serving as control (Overstreet et al., 2005). The FSL rat strain was established from Sprague Dawley rats through a selective breeding program for increased sensitivity to the cholinergic compound di-isopropyl fluorophosphates (DFP). FRL rats exhibit low sensitivity to DFP. FSL rats have good face validity and exhibit increased immobility in the forced swim test. The construct validity of this genetic model is reflected by the similarities with the human pathology affecting neurochemical systems including the serotonergic, dopaminergic and glutamatergic systems. In particular, studies have reported altered 5-HT1A, D1, mGluR5 receptor levels in FSL rats (Bjørnebekk et al., 2007; Eriksson et al., 2012; Kovačević et al., 2012; Shrestha et al., 2014). The FSL rats also possess predictive validity, since all so far tested antidepressant therapies show antidepressant-like effects in these rats (Overstreet and Wegener, 2013).

L-DOPA is the most efficacious medication for the treatment of PD. Unfortunately, the therapeutic response to L-DOPA is wearing off over time, while abnormal involuntary movements (AIMs), such as dyskinesias, emerge as prominent side-effects in approximately 50% of all treated patients within 5–10 years (Obeso et al., 2000). Several molecular and cellular mechanisms involving non-dopaminergic systems have been proposed to explain the development of dyskinesias in PD (Cenci et al., 2011; Huot et al., 2013). One possibility is that in the advanced stage of dopaminergic cell loss, remaining serotonergic neurons in the basal ganglia complex can specifically take up L-DOPA and convert it to dopamine. In contrast to the normal situation, release of dopamine occurs in this setting when the serotonergic neurons are activated and dopamine acts as a false transmitter. Drugs that act on the 5-HT1A autoreceptor, which regulates the firing of serotonergic neurons, can antagonize L-DOPA-induced dyskinesia, as shown in preclinical and clinical studies (Bibbiani et al., 2001; Tomiyama et al., 2005; Carta et al., 2007; Svenningsson et al., 2015). Sarizotan is a 5-HT1A receptor agonist and dopamine D2-like partial agonist that reduces dyskinesia in PD animal models (Gregoire et al., 2009; Zhang et al., 2011a). Sarizotan has also been shown to have some anti-dyskinetic effect in PD patients (Bara-Jimenez et al., 2005; Goetz et al., 2007), but reduces also beneficial effects of L-DOPA (Goetz et al., 2007) and has not been approved for the treatment of dyskinesas. In addition to serotonin, studies have implicated the glutamatergic, cholinergic, opioidergic and GABAergic systems in L-DOPA-induced dyskinesias (Cenci et al., 2011).

The aim of the present study was to increase understanding of the influence of a depression-like genotype on experimental parkinsonism using tacrine-induced tremor and hemiparkinsonian FSL and FRL rats at baseline and upon chronic treatment with L-DOPA. A special emphasis was put on study non-dopaminergic alterations under these conditions.



MATERIALS AND METHODS


Animals, Surgery and Pharmacological Treatment

Male FRL and FSL rats (290–390 g) were housed in air-conditioned rooms (12-h dark/light cycle) at 20°C and a humidity of 53%. Experiments were performed in agreement with the European Communities Council Directive of 24 November 1986 (86/609/EEC) on the ethical use of animals and were approved by the local ethical committee at Karolinska Institutet.



Tacrine-Induced Jaw Movements

Flinders sensitive line (n = 12) and FRL (n = 10) rats were treated with tacrine (2.5 mg/kg, i.p., Sigma) to induce jaw movements which were then manually scored for 5 min after the 10-min habituation (Salamone et al., 1998).



Unilateral 6-OHDA Lesion

As shown in Figure 1, another group of FRL (n = 14) and FSL (n = 22) rats were anesthetized with ketamine (100 mg/kg, i.p.; Intervet)/xylazine (5 mg/kg, i.p.; Bayer, Kiel, Germany), pretreated with desipramine (25 mg/kg, i.p.; Sigma, St Louis, MO, United States)/pargyline (5 mg/kg, i.p.; Sigma), placed in a stereotaxic instrument and injected with 6-OHDA (2.5 μl of a 5 mg/ml solution; Sigma) into the median forebrain bundle (MFB) of the right hemisphere (AP −2.8 mm, ML −2.0 mm, and V −9.0 mm). Two weeks after the unilateral 6-OHDA lesion, rats were injected with apomorphine (1 mg/kg, i.p.; Sigma) and their contralateral rotations were measured to determine the degree of nigrostriatal denervation. Only rats rotating >100 turns over 30 min were included in further experiments.
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FIGURE 1. Schematic representation of the study design. FRL (n = 14) and FSL (n = 22) rats were injected with 6-OHDA (2.5 μl of a 5 mg/ml solution) into MFB of the right hemisphere. Two weeks after the unilateral 6-OHDA lesion, rats were injected with apomorphine (1 mg/kg, i.p.) and their contralateral rotations were measured to determine the degree of nigrostriatal denervation. Four weeks after surgery, rats were treated with saline (FRL, n = 3; FSL, n = 5), sarizotan (2.5 mg/kg, i.p.) (FRL, n = 3; FSL, n = 3), L-DOPA/benserazide (10/7.5 mg/kg, i.p.), alone (FRL, n = 4; FSL, n = 6) or in combination (FRL, n = 4; FSL, n = 5) once daily for 23 days. Rotational behavior and AIMs were measured on Day 1, Day 7, Day 14, and Day 21. Animals were sacrificed 30 min after the last drug administration.




Pharmacological Treatment and Behavioral Evaluation

Four weeks after surgery, rats were divided in groups according their rotation upon apomorphine so that they were similar in terms of anticipated dopamine lesion (Figure 1). They were treated with saline (FRL, n = 3; FSL, n = 5), sarizotan (2.5 mg/kg, i.p., Merck KGA, Darmstadt, Germany) (FRL, n = 3; FSL, n = 3), L-DOPA/benserazide (10/7.5 mg/kg, i.p., Sigma), alone (FRL, n = 4; FSL, n = 6) or in combination (FRL, n = 4; FSL, n = 5) once daily for 23 days. Once per week, rotational behavior and AIMs were measured. The number of contralateral rotations was manually counted for 2 h following drug administration. The incidence of AIMs was scored during turning behavior. AIMs were classified into three subtypes according to their topographic distribution, as previously described (Lundblad et al., 2002): axial, limb, and orolingual AIMs. Each AIM was quantified in a 5-min testing period every 10 min (starting 15 min after L-DOPA administration). The severity of each AIM subtype was assessed using scores from 0 to 4 (0: absent, 1: occasional, i.e., present less than 50% of the time; 2: frequent, i.e., present more than 50% of the time; 3: continuous, but interrupted by strong sensory stimuli, and 4: continuous, not interrupted by strong sensory stimuli).

Animals were sacrificed 30 min after the last drug administration. Brains were rapidly removed and frozen in dry ice-cooled isopentane. Some brains were cut in a cryostat at −20°C into 12 μm coronal sections and stored at −80°C until use.



Explorative Microarray Gene Expression Analysis

Total RNA was extracted from the 6-OHDA-lesioned striatum of vehicle- or L-DOPA-treated FRL and FSL rats using Trizol (Sigma) followed by RNeasy (Qiagen, Hilden, Germany) clean-up according to manufacturer’s instructions. After quality control (Bioanalyzer), RNA samples were submitted to the Gene Expression Service Workflow of Roche NimbleGen, which included hybridization with a Rat Gene Expression 12 × 135K Array (Design Name 100718_Rat_HX12_expr), array scanning, data extraction and processing. Normalized gene expression data (“Normalized Calls”) provided by Roche NimbleGen were analyzed using ANAIS (Simon and Biot, 2010) via the “Norm genes” function. Genes were considered differentially expressed if their transcript abundance (scanned signal intensity) was ≥1.5-fold higher or lower in at least one experimental group compared to striatum of vehicle-treated FRL rats. The resulting list of 6040 genes was imported into Microsoft Excel, where only those genes with ANAIS-computed ANOVA p-values <0.05 were retained. At this stage, the list of candidates was subjected to manual annotation using NCBI’s Gene database, such that updated GeneIDs could be assigned to all candidates.



In situ Hybridization Studies

Radioactive complementary probe for the vesicular GABAergic transporter (vGAT) and tamalin (also called GRP1-associated scaffold protein, GRASP) were made (Supplementary Table S1) and used along with probes for c-fos, enkephalin and dynorphin (Zhang et al., 2006, 2011b). Briefly, sections were pretreated with 4% paraformaldehyde for 5 min at room temperature, rinsed twice in 4 × sodium chloride–sodium citrate (SSC) buffer and placed into 0.25% acetic anhydride in 0.1 M triethanolamine/4 × SSC (pH 8) for 10 min at room temperature. After dehydration in graded alcohols, the sections were hybridized overnight at 55°C with 106 c.p.m. of 35S-labeled probe in 50 μl of hybridization solution (20 mM Tris–HCl/1 mM EDTA/300 mM NaCl/50% formamide/10% dextran sulfate/1× Denhardt’s solution/250 g/ml yeast tRNA/100 g/ml salmon sperm DNA/0.1% SDS/0.1% sodium thiosulphate). The slides were washed in 4 × SSC (5 min, four times), RNAse A (20 g/ml) (20 min, at 37°C), 2 × SSC (5 min, twice), 1 × SSC (5 min), 0.5 × SSC (5 min) at room temperature, and rinsed in 0.1 × SSC at 65°C (30 min, twice), before being dehydrated in graded alcohols. The slides were then exposed to X-ray films for 5–21 days.



Autoradiographic Studies

The radioligands [125I] RTI-55 (serotonin and dopamine transporter binding) and [125I] MPPI [4-(2′methoxyphenyl)-1-2′[2′-pyridinyl-)-iodo-benzomido] piperazine (5-HT1A binding) were purchased from Perkin Elmer Life Sciences Inc. (Boston, MA, United States).

Section for detection of DAT (dopamine transporter) and serotonin transporter (SERT) (serotonin transporter) were preincubated in 50 mM Tris–HCl/120 mM NaCl (pH 7.5) for 20 min, incubated for 1 h in the same buffer supplemented with 50 pM [125I] RTI-55 in the presence of either 1 μM fluoxetine (selective serotonin reuptake inhibitor; Sigma) to label the DAT or 1 μM nomifensine (dopamine reuptake inhibitor; Sigma) to label the SERT. For non-specific binding, 100 μM nomifensine or 100 μM fluoxetine were added to the assay. The slides were washed 2 × 10 s in ice-cold binding buffer, rapidly dipped in deionized water and dried.

Sections for detection of 5-HT1A receptors were preincubated with 50 mM Tris–HCl containing 2 mM MgCl2 (pH 7.4) for 30 min, incubated for 2 h in the same buffer together with 0.01 nM [125I] MPPI. For non-specific binding, 10 μM serotonin was added. The slides were washed 2 × 15 min in ice-cold binding buffer, quickly dipped in deionized water and dried. The sections were then exposed to Kodak BioMax MR films (Sigma) for 2 days.



Data Analysis of Autoradiograms From Ligand-Binding or in situ Hybridization Experiments

For ligand-binding and in situ hybridization experiments, autoradiograms were digitized using a Dia-Scanner (Epson Perfection 4870 PHOTO). Optical density values were measured using Image J. For the analysis of the striatum, measurements in the 6-OHDA-lesioned hemisphere are given as ratios of the corresponding area from the intact hemisphere. For analysis in the raphe nuclei, data are expressed as percentage of the vehicle-treated FRL rats group.



Experiment With Sprague Dawley Rats

Male Sprague Dawley rats have been injected with 6-OHDA following exactly the same protocol described for the FSL and FRL experiment. After injecting the rats with apomorphine (1 mg/kg, i.p.), to evaluate the efficacy of the 6-OHDA lesioning, rats were treated with vehicle or L-DOPA/benserazide (10/7.5 mg/kg, i.p.) for 1 day (acute L-DOPA) or 4 weeks (chronic L-DOPA). 30 min after the last injection, brains have been removed and stored as described above for FRL and FSL rats.



Statistics

Behavioral and biochemical results were analyzed with two-way ANOVA followed by Fisher post hoc test for comparison between experimental groups. In the analysis of the contralateral turning behavior, time and treatment were used as independent factors; genotype and treatment were the independent factors for the analysis of AIMs and in situ hybridization data. In the experiment with Sprague-Dawley rats treated with saline, acute or chronic L-DOPA, one-way ANOVA was used followed by Fisher post hoc test. In the tacrine-induced jaw movement’s experiment, where only two groups were compared, Student t-test was used for statistical analysis.



RESULTS


Tacrine-Induced Jaw Movements

Tremulous jaw movements induced by acute administration of the cholinesterase inhibitor tacrine (2.5 mg/kg, i.p.) were more frequent in FSL than in FRL rats (p < 0.05, Figure 2). This result indicates that movement responses reminiscent of parkinsoniam 6 Hz tremor are exaggerated in FSL compared to FRL rats.
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FIGURE 2. FSL rats showed increased tacrine-induced jaw movements. Effect of tacrine (2.5 mg/kg, i.p.) on jaw movement in FRL and FSL rats. Data represent mean ± SEM for 10–12 animals per group. *p < 0.01 vs FRL group, accordingly to student t-test.




Efficacy of Unilateral 6-OHDA Lesion

6-OHDA-induced lesioning of the MFB induces a near-complete degeneration of the nigrostriatal dopamine neurons. Supersensitization of dopaminergic receptors in the lesioned hemisphere results in induction of contralateral turning behavior after administration of dopaminergic drugs. Thus, to assess the degree of dopaminergic lesion, we measured the number of contralateral rotations after administration of the dopaminergic D1/D2 receptors agonist apomorphine (1 mg/kg, i.p.). No difference was found between FRL and FSL rats (Figure 3A). Likewise, [125I]RTI-55 autoradiography of DAT in striatum post-mortem did not detect any change in the degree of the dopaminergic lesioning between FRL and FSL rats (Figure 3B).
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FIGURE 3. Efficacy of 6-OHDA lesion is shown by apomorphine-induced contralateral turning behavior and dopamine transporter binding. (A) Shows the number of contralateral turns in FRL and FSL rats treated with apomorphine (1 mg/kg, i.p.). (B) Shows autoradiograms and histograms of [125I] RTI-55 binding for analysis of the dopamine transporter in FRL and FSL rats. Data were generated as optical density measures. Data represent mean ± SEM of the values expressed as a percentage of the intact hemisphere for three to seven animals per group. ***p < 0.001 vs correspondent intact hemisphere.




Contralateral Turning Behavior and Abnormal Involuntary Movements After L-DOPA and Sarizotan Treatment

Chronic treatment with L-DOPA elicits locomotion and also abnormal motor responses such as sensitization of contralateral turning behavior and AIMs in unilaterally 6-OHDA-lesioned rodents (Lundblad et al., 2002).

The first administration of L-DOPA induced similar contralateral turning behavior in both FRL and FSL rats (Figure 4A). However, the response to chronic L-DOPA treatment differed markedly between the two genotypes. In FRL rats, significant effects of treatment (F1,12 = 15.18; p < 0.01), time (F1,12 = 4.64; p < 0.05) and their interaction (F1,12 = 8.79; p < 0.05) were found. Post hoc test showed a significant increase in the number of rotations observed after chronic treatment with L-DOPA compared to the first administration (p < 0.001, Figure 4A). In contrast, in FSL rats, chronic L-DOPA treatment did not induce a significant change in the number of rotations observed, compared to acute administration (Figure 4A).
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FIGURE 4. Unilaterally 6-OHDA-lesioned FSL and FRL rats respond differently to chronic treatment with L-DOPA and sarizotan/L-DOPA in terms of turning behavior and abnormal involuntary movement. Effect of chronic treatment with L-DOPA (10 mg/kg, i.p.) and sarizotan/L-DOPA (2.5/10/mg/kg, i.p.) on (A) the number of contralateral turns at the 1st and 21st day of treatment and (B) Total sum of each AIMs scores, limb AIMs score and the time course at the 21st day of treatment in FRL and FSL rats. Data represent mean ± SEM for four to seven animals per group. (A) **p < 0.01 vs FRL group at the 1st day of L-DOPA treatment, ###p < 0.001 vs FRL group at the 21st day of L-DOPA treatment. (B) *p < 0.05, **p < 0.01 vs FRL group treated with chronic L-DOPA accordingly to two-way ANOVA followed by Fisher post hoc test.


Chronic treatment with L-DOPA induced AIMs in both strains of rats (Figure 4B). However, there were significant effects of treatment (F1,15 = 37.85; p < 0.005). Post hoc test showed that FRL rats treated with L-DOPA spent more time in AIMs than FSL rats (p < 0.05). For the limb AIMs score, there were significant effects of treatment (F1,15 = 41.07; p < 0.005) and genotype (F1,15 = 13.48; p < 0.05). Post hoc test showed that FRL rats treated with L-DOPA spent more time in limb AIMs than FSL rats (p < 0.01).

The first co-administration of sarizotan/L-DOPA induced similar contralateral rotations in FRL and FSL rats (Figure 4A). Furthermore, chronic co-administration of sarizotan/L-DOPA did not induce any change in contralateral rotations compared to the first day of treatment. Accordingly, the number of contralateral turns in chronically treated sarizotan/L-DOPA FRL rats was significantly lower (p < 0.001) than in chronically L-DOPA-treated FRL (Figure 4A). No difference in the number of contralateral turns was found between sarizotan/L-DOPA- and L-DOPA-treated FSL rats. Likewise, co-administration with sarizotan significantly (p < 0.01) reduced L-DOPA-induced AIMs in FRL, but not in FSL, rats (Figure 4B).



Biochemical Mechanisms Underlying Dyskinesia


c-fos

c-fos is an inducible transcription factor that is rapidly transcribed in response to a variety of stimuli often related to increased neuronal activity (Morgan and Curran, 1989). c-fos and related Fos/Jun members, particularly deltaFosB protein, have been linked to the development of AIMs in several animal models of PD (Cenci et al., 2011). In our model of comorbid depression and PD, genotype (F1,25 = 4.80; p < 0.05), treatment (F3,25 = 19.76; p < 0.001) and their interaction (F3,25 = 3.14; p < 0.05) had significant effects on c-fos expression. Post hoc test showed that chronic treatment with L-DOPA significantly increased c-fos mRNA compared to vehicle- and sarizotan-treated rats, in both FRL and FSL groups (p < 0.001; Figure 5). However, c-fos mRNA in L-DOPA-treated FSL rats was significantly lower than in FRL rats (p < 0.001; Figure 5). c-fos mRNA in sarizotan/L-DOPA-treated FRL rats was significantly lower than in the L-DOPA treated group (p < 0.001; Figure 5), whereas no significant difference between these treatments was found in FSL rats.


[image: image]

FIGURE 5. Regulation of c-fos mRNA levels in unilaterally 6-OHDA-lesioned FRL and FSL rats treated in response to chronic treatment with L-DOPA and sarizotan/L-DOPA. Autoradiograms and histograms of in situ hybridization experiment against c-fos mRNA in the striatum of FRL and FSL rats chronically treated with vehicle, sarizotan (2.5 mg/kg, i.p.), L-DOPA (10 mg/kg, i.p.) and sarizotan/L-DOPA (2.5/10 mg/kg, i.p.). Data represent mean ± SEM of the ratio between the lesioned and the intact hemisphere for three to seven animals per group. **p < 0.01, ***p < 0.001 vs correspondent vehicle-treated group; ^p < 0.05, ^^^p < 0.001 vs correspondent sarizotan-treated group, ###p < 0.001 vs indicated groups, accordingly to two-way ANOVA followed by Fisher post hoc test.




Opioid Neuropeptides

Increased striatal levels of enkephalin and dynorphin are associated with the development of dyskinesia in parkinsonian animals treated with L-DOPA (Sgroi and Tonini, 2018).

Surprisingly, neither treatment nor genotype (Figure 6A) modified enkephalin mRNA. Dynorphin mRNA revealed a significant difference for treatment (F3,25 = 11.76; p < 0.001). Post hoc test showed that dynorphin mRNA was significantly increased (p < 0.05) in the L-DOPA and sarizotan/L-DOPA groups compared with vehicle and sarizotan alone in both genotypes (Figure 6B).
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FIGURE 6. Effect of chronic treatment with L-DOPA and sarizotan/L-DOPA on the enkephalin and dynorphin mRNA levels in 6-OHDA-lesioned FRL and FSL rat. Autoradiograms and histograms of in situ hybridization experiment against (A) enkephalin and (B) dynorphin mRNAs in the striatum of FRL and FSL rats chronically treated with vehicle, sarizotan (2.5 mg/kg, i.p.), L-DOPA (10 mg/kg, i.p.) and sarizotan/L-DOPA (2.5/10 mg/kg, i.p.). Data represent mean ± SEM of the ratio between the lesioned and the intact hemisphere for three to seven animals per group. (B) *p < 0.05 vs correspondent vehicle-treated group; ^p < 0.05 vs correspondent sarizotan-treated group, accordingly to two-way ANOVA followed by Fisher post hoc test.




Serotonergic System

As mentioned above, there is accumulating evidence for the involvement of serotonergic neurons in the development of AIMs. In particular, stimulation of 5-HT1A autoreceptors located at the cell body reduces the firing of serotonergic neurons and thus the release of “false” dopamine formed from L-DOPA.

In our study, [125I]MPPI binding to 5-HT1A receptor in the raphe nuclei of vehicle and L-DOPA treated rats revealed a significant effect of genotype (F1,14 = 11.60; p < 0.01) with lower levels in FSL than in FRL rats. In L-DOPA treated rats, levels of [125I]MPPI were lower in FSL compared to the FRL group (post hoc test p < 0.01; Figure 7). The decreased level of 5-HT1A receptor in the raphe nuclei unlikely explains the low dyskinetic potential of L-DOPA in FSL rats, but may relate to the fact that sarizotan is less antidyskinetic in FSL compared to FRL rats. There was no significant differences in [125I]MPPI binding in the striatum between hemiparkinsonian FSL and FRL rats (Figure 8).
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FIGURE 7. 5-HT1A levels in the raphe nuclei of 6-OHDA-lesioned FRL and FSL rat chronically treated with L-DOPA. Autoradiograms and histograms of [125I] MPPI binding experiment in the raphe nuclei of FRL and FSL rats chronically treated with vehicle and L-DOPA (10 mg/kg, i.p.). Data were generated as optical density measures. Data represent mean ± SEM of the percentage of the vehicle-treated FRL group, for three to seven animals per group. **p < 0.001 vs L-DOPA-treated FRL group, accordingly to two-way ANOVA followed by Fisher post hoc test.
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FIGURE 8. 5-HT1A levels in the striatum of 6-OHDA-lesioned FRL and FSL rat chronically treated with L-DOPA. Autoradiograms and histograms of [125I] MPPI binding experiment in the striatum of FRL and FSL rats chronically treated with vehicle, sarizotan (2.5 mg/kg, i.p.), L-DOPA (10 mg/kg, i.p.) and sarizotan/L-DOPA (2.5/10 mg/kg, i.p.). Data were generated as optical density measures. Data represent mean ± SEM of the ratio between the lesioned and the intact hemisphere for three to seven animals per group.


Since a correlation between striatal SERT and severity of AIMs has been reported in 6-OHDA-lesioned rats, MPTP-treated macaque monkeys and in PD patients (Rylander et al., 2010), we also performed radioligand binding experiments for SERT. However, no significant differences in [125I]RTI-55 binding in the striatum or raphe nuclei between hemiparkinsonian FSL and FRL rats were found (Figures 9A,B).
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FIGURE 9. Serotonin transporter levels in the striatum and raphe nuclei of 6-OHDA-lesioned FRL and FSL rat chronically treated with L-DOPA and sarizotan/L-DOPA. Autoradiograms and histograms of [125I] RTI-55 binding experiments in (A) the striatum and (B) raphe nuclei of FRL and FSL rats chronically treated with vehicle, sarizotan (2.5 mg/kg, i.p.), L-DOPA (10 mg/kg, i.p.) and sarizotan/L-DOPA (2.5/10 mg/kg, i.p.). Data were generated as optical density measures. Data represent mean ± SEM of (A) the ratio between the lesioned and the intact hemisphere and (B) the percentage of the vehicle-treated FRL group, for three to seven animals per group, accordingly to two-way ANOVA followed by Fisher post hoc test.




Explorative Microarray Study

The aforementioned analyses of opioid neuropeptides and serotonin systems previously linked to AIMs did not yield correlates to the behavioral findings in our model of comorbid depression and PD. Therefore we decided to perform an explorative microarray analysis with 6-OHDA-lesioned striata collected from FRL and FSL rats (three animals per group) chronically treated with vehicle or L-DOPA. After selecting only genes that were 1.5-fold statistically different from the vehicle-treated FRL group, a list of 856 genes was obtained. Interestingly, in the chronic L-DOPA-treated FRL rats, 224 genes were found to be upregulated compared to the vehicle-treated FRL group, while only 68 were found in the L-DOPA-treated FSL group, indicating a generally lower response in the depression-like genotype (Supplementary Tables S2 and S3). The list of candidate genes was manually investigated looking for genes potentially linked to dyskinesia. c-fos was found to be in the list and already validated by our previous in situ hybridization result (Figure 4). Some other genes were chosen based on a possible correlation with dyskinesias for further validation by in situ hybridization.



Vesicular GABA Transporter, Previously Known to Correlated With AIMs

GABA-related genes have previously been linked with AIMs (Wang et al., 2007). Among the genes found via microarray analysis, vGAT (Slc32a1) expression correlated well with the behavioral data. In situ hybridization studies revealed a significant effect of treatment (F3,25 = 3.72; p < 0.05). Post hoc test showed that chronic treatment with L-DOPA increased (p < 0.01) vGAT mRNA in FRL but not FSL rats when compared to vehicle- or sarizotan-treated groups (Figure 10). FRL rats treated with sarizotan/L-DOPA showed a significantly lower vGAT mRNA level than FRL rats treated with L-DOPA (p < 0.05; Figure 10).
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FIGURE 10. Different effect of chronic treatment with L-DOPA and sarizotan/L-DOPA on the vGAT mRNA levels in unilaterally 6-OHDA-lesioned FRL and FSL rats. Autoradiograms and histograms of in situ hybridization experiment against vGAT mRNA in the striatum of FRL and FSL rats chronically treated with vehicle, sarizotan (2.5 mg/kg, i.p.), L-DOPA (10 mg/kg, i.p.) and sarizotan/L-DOPA (2.5/10 mg/kg, i.p.). Data represent mean ± SEM of the ratio between the lesioned and the intact hemisphere for three to seven animals per group. **p < 0.01 vs correspondent vehicle-treated group; ^^p < 0.01 vs correspondent sarizotan-treated group, #p < 0.05, ##p < 0.01 vs FRL group chronically treated with L-DOPA, accordingly to two-way ANOVA followed by Fisher post hoc test.




Tamalin, Previously Unknown to Correlate With AIMs

Within the list of genes that were found through the microarray analysis, tamalin, was chosen for further analyses with in situ hybridization although it has never been linked to AIMs before. However, the important role of tamalin in controlling the function of mGluR5 (Sugi et al., 2007) attracted our attention. Significant effects of genotype (F1,25 = 6.56; p < 0.05) and treatment (F3,25 = 5.69; p < 0.01) were found. Post hoc test showed that chronic treatment with L-DOPA increased (p < 0.01) tamalin mRNA in FRL but not FSL rats when compared to vehicle- or sarizotan-treated groups (Figure 11A). Moreover, sarizotan/L-DOPA-treated FRL rats had a significantly lower tamalin mRNA level than L-DOPA-treated FRL (p < 0.05; Figure 11A).
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FIGURE 11. Chronic L-DOPA treatment increases in tamalin mRNA levels in unilaterally 6-OHDA-lesioned FRL and Sprague Dawley, but not FSL, rats. Autoradiograms and histograms of in situ hybridization experiment against tamalin mRNA in the striatum of (A) FRL and FSL rats chronically treated with vehicle, sarizotan (2.5 mg/kg, i.p.), L-DOPA (10 mg/kg, i.p.), and sarizotan/L-DOPA (2.5/10 mg/kg, i.p.) and (B) Spraque Dawley rats treated with vehicle, acute and chronic L-DOPA (10 mg/kg, i.p.). Data represent mean ± SEM of the ratio between the lesioned and the intact hemisphere for three to eight animals per group. (A)**p < 0.01 vs correspondent vehicle-treated group, ^^p < 0.01 vs correspondent sarizotan-treated group, #p < 0.05, ##p < 0.01 vs FRL group chronically treated with L-DOPA, accordingly to two-way ANOVA followed by Fisher post hoc test; (B) ***p < 0.001 vs vehicle-treated group, #p < 0.05 vs the group acutely treated with L-DOPA.


To confirm that tamalin expression gene is paralleled by L-DOPA responses not only in FRL rats, tamalin mRNA was measured also in unilaterally 6-OHDA-lesioned Sprague Dawley rats treated with vehicle, or with acute or chronic (4 weeks) L-DOPA. An overall significant treatment effect was found (F2,15 = 14.0; p < 0.001). Post hoc test showed that rats chronically treated with L-DOPA had a significantly higher tamalin mRNA both when compared to rats treated with vehicle and acute L-DOPA (p < 0.001 and p < 0.05, respectively; Figure 11B).



DISCUSSION

Depressed patients have a two-fold increased risk to develop PD when compared to healthy siblings and the general population. Tacrine induces jaw movements in rodents that have been suggested to model parkinsonian tremor (Salamone et al., 1998). FSL rats were found to be more responsive to tacrine-induced tremorous jaw movements which is consistent with their supersensitivity toward cholinergic compounds (Overstreet et al., 2005). In a clinical perspective it is interesting to note that both parkinsonian tremor and depressive symptomatology can be counteracted by cholinergic muscarine receptor antagonists (Drevets et al., 2013; Kalia and Lang, 2015). A speculation derived from the data on tacrine actions in FSL rats is that precautions should be taken to prescribe cholinesterase inhibitors to depressed parkinsonian patients with a tremor-dominant type. Vice versa, such patients may have antitremor as well as antidepressant responses to anti-cholinergic compounds. Our data also suggest that a depression-like genetic background combined with hemiparkinsonism results in a reduced response to antiparkinson treatments compared to control “non-depressed” FRL rats. Thus, chronic treatment with L-DOPA caused development of supersensitization and dyskinetic behaviors in FRL, but not in FSL, rats. To our knowledge, hemiparkinsonian FSL rats represent the first rat strain that have reduced AIMs upon chronic L-DOPA treatment. In the clinical setting, it is known that patients which develops supersentization and dyskinesia toward L-DOPA have significant problems with depression and anxiety (van der Velden et al., 2018). However, to our knowledge, it remains to be studied whether parkinsonian patients with depression are more likely to develop L-DOPA supersensitization and dyskinesia when compared to matched patients without depression. Effects of the antidyskinetic agent sarizotan were attenuated in FSL rats. Co-administration of sarizotan and L-DOPA prevented dyskinesia, both in terms of sensitization to turning and AIMs, in FRL, but not FSL, rats. A possible explanation is the finding of decreased levels of 5-HT1A receptor in the raphe nuclei of FSL rats chronically treated with L-DOPA.

The reduced L-DOPA response in FSL rats provides an interesting opportunity to learn more about molecular mechanisms underlying the development of L-DOPA-induced sensitization and AIMs. For this reason, a series of experiments were performed to identify parallels between gene expression markers previously linked to dyskinesia and the dramatic different behavioral response found in the hemiparkinsonian FSL and FRL rats. As expected, we found that striatal c-fos mRNA was increased in FSL, compared to FRL, rats. We did not find any genotype difference to an acute challenge with Apomorphine, a D1/D2 receptor agonist, or L-DOPA. These data, together with the previous finding that D1 receptors are actually increased in FSL rats (Bjørnebekk et al., 2007) argue against a prominent role of alterations in the dopaminergic system underlying the lack of supersentization toward L-DOPA in FSL rats. As mentioned above, several non-dopaminergic systems have been implicated in L-DOPA-induced dyskinesias and we studied several of them. No parallels between the behavioral responses and the levels of striatal opioid neuropeptides or serotonin markers were found. This discrepancy could be due to several contributes. Importantly, FRL and FSL rats are selectively bred strains and differ from Sprague Dawley rats which are normally used in preclinical studies of L-DOPA induced dyskinesia. Moreover, our data could further indicate that the interval between the last administration of L-DOPA and the time of death has to be taken into account when interpreting results on the level of opioid peptides (Sgroi and Tonini, 2018). Furthermore, there are contradictory reports when it comes to alterations in SERT in dyskinetic PD patients (Kish et al., 2008; Rylander et al., 2010).

Since the difference between the FRL and FSL rats in response to L-DOPA did not correlate to changes in opioid peptidergic or serotonergic correlates of dyskinesia, we decided to search for other biochemical correlates to elucidate this difference. We therefore performed an exploratory microarray experiment with the striata of FRL and FSL animals chronically treated with L-DOPA and found a parallel behavioral responses and c-fos [along with other Fos/Jun members including fosB (Supplementary Table S3)]. Moreover, a correlation between increased vGAT and behavioral responses was also found. An alteration of vesicular GABA release in L-DOPA-treated animals was previously reported (Wang et al., 2007) and our result further supports a role of the GABAergic system in the modulation of L-DOPA supersentization and dyskinesia.

An additional novel finding is the parallel alterations between an increased tamalin mRNA expression and L-DOPA-induced sensitization and AIMs. Tamalin is a scaffold protein highly expressed in the brain that interacts with metabotropic groups 1 and 2 glutamate receptors and GABAB2 receptors along with specific guanine nucleotide exchange factors (Nevrivy et al., 2000; Sugi et al., 2007). Tamalin has been shown to have an autoinhibiting conformation when its concentration is low and when the concentration increases, the binding with mGluR5 receptors stabilizes the active conformation (Sugi et al., 2007). mGluR5 receptors are critically implicated in the development of L-dopa-induced dyskinesias (Sgambato-Faure and Cenci, 2012). Tamalin also interacts with scaffolding proteins, including PSD-95, S-SCAM, SAPAP1/3, Mint2, and CASK, that are involved in postsynaptic organization and protein trafficking in neuronal cells. Thus, through these multiple interactions, tamalin is positioned to control a variety of signaling pathways that could be involved in the mediation of AIMs. In this context, it is intriguing that mGluR5 receptors are reduced in FSL rats (Kovačević et al., 2012). It is possible that a reduced upregulation of mGluR5/Tamalin signaling contributes to the reduced L-DOPA responses in FSL rats.

In conclusion, our study suggests that a genetic depression-like rat model have altered behavioral and transcriptional responses in experimental parkinsonism and to antiparkinson drugs. Several adaptations in non-dopaminergic systems appears to underlie this differential responsivity and, in particular, induction of the mGluR5 adaptor protein, tamalin, is a novel correlate to L-DOPA-induced supersentization and dyskinesia.
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Nowadays it is well accepted that in Parkinson’s disease (PD), the neurodegenerative process occurs in stages and that damage to other areas precedes the neuronal loss in the substantia nigra pars compacta, which is considered a pathophysiological hallmark of PD. This heterogeneous and progressive neurodegeneration may explain the diverse symptomatology of the disease, including motor and non-motor alterations. In PD, one of the first areas undergoing degeneration is the locus coeruleus (LC). This noradrenergic nucleus provides extensive innervation throughout the brain and plays a fundamental neuromodulator role, participating in stress responses, emotional memory, and control of motor, sensory, and autonomic functions. Early in the disease, LC neurons suffer modifications that can condition the effectiveness of pharmacological treatments, and importantly, can lead to the appearance of common non-motor symptomatology. The noradrenergic system also exerts anti-inflammatory and neuroprotective effect on the dopaminergic degeneration and noradrenergic damage can consequently condition the progress of the disease. From the pharmacological point of view, it is also important to understand how the noradrenergic system performs in PD, since noradrenergic medication is often used in these patients, and drug interactions can take place when combining them with the gold standard drug therapy in PD, L-3,4-dihydroxyphenylalanine (L-DOPA). This review provides an overview about the functional status of the noradrenergic system in PD and its contribution to the efficacy of pharmacological-based treatments. Based on preclinical and clinical publications, a special attention will be dedicated to the most prevalent non-motor symptoms of the disease.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the presence of α-synuclein protein aggregates in the form of Lewy bodies in specific brain regions. These aggregates may be responsible for the onset and progression of the disease likely by promoting mitochondrial dysfunction, microglial activation, and neuroinflammatory responses, but they do not appear all over the brain at the same time. Indeed, recent publications have suggested that the α-synuclein pathology begins in the gut and travels via the vagal nerve up to the brain where it spreads following the six stages defined by Braak and colleagues (Ulusoy et al., 2013; Kim et al., 2019). Although historically the hallmark of the disease has been focused on the degeneration of the substantia nigra pars compacta (SNc), it is now well accepted that the spread of α-synuclein in the brain occurs in stages and that damage to other areas precedes the degeneration of SNc neurons, affecting glutamatergic, noradrenergic, serotonergic, histaminergic, and cholinergic projection cells (Del Tredici et al., 2002; Braak et al., 2003). This heterogeneous, progressive neurodegeneration may explain the diverse symptomatology of PD, which includes motor and non-motor alterations (Chaudhuri and Schapira, 2009). Indeed, PD is more likely to be a multisystem disorder rather than a pure motor disease.

According to Braak’s theory (Braak et al., 2004), the first α-synuclein aggregates in the central nervous system appear in the anterior olfactory structures and the dorsal motor nucleus of the vagus nerve, following by lower raphe system and the locus coeruleus (LC) in stage 2. It is not until stage 3 that the SNc is affected together with the amygdala, tegmental pedunculopontine nucleus, and the higher raphe nuclei, among others. During stage 4, α-synuclein spreads to the hippocampal formation and specific cortical areas and finally, in the last two stages (5 and 6), almost the whole cortex is damaged. This pattern of α-synuclein propagation between interconnected nuclei has also been mimicked in animal models in which α-synuclein was overexpressed by means of viral vector administration in peripheral structures (Rey et al., 2013; Ulusoy et al., 2013; Ulusoy et al., 2017; Rusconi et al., 2018). The pathological process underlying PD would consist of a prodromal period followed by a symptomatic one when the disease is often diagnosed. The presymptomatic or prodromal phase (stages 1–3) is often characterized by olfactory dysfunction, autonomic dysregulation, pain, sleep, and mood disorders while the symptomatic phase (stages 4–6) is accompanied by the classical somatomotor symptoms and impaired cognitive functioning (Chaudhuri and Schapira, 2009; Braak and Del Tredici, 2016).

Among the brain areas that undergo degeneration in the prodromal phase, the LC deserves special attention for being one of the first nuclei to develop Lewy bodies, and because LC dysfunction may be related to several of the non-motor symptoms observed in the disease. Here, we will review the functional status of the LC in PD using data from experimental models and patients. We will also analyze the potential role of the LC in PD-associated neuroinflammation, the appearance of non-motor complications, and the pharmacological therapies.



The Locus Coeruleus

The LC is a bilateral nucleus located in the upper dorsolateral pontine tegmentum and is considered the principal noradrenergic nucleus in the central nervous system (Amaral and Sinnamon, 1977). Although noradrenergic neurons are the biggest cell population, GABAergic interneurons also inhabit the LC making synapses and efficiently inhibit the noradrenergic neurons (Aston-Jones et al., 2004; Jin et al., 2016; Breton-Provencher and Sur, 2019). Neurochemical content and receptor expression are also very heterogeneous containing adrenergic, GABAergic, serotonergic, glutamatergic, µ-opioid, orexin/hypocreatin, nicotinic acetylcholine, and cannabinoid receptors (reviewed in Berridge and Waterhouse, 2003; Schwarz and Luo, 2015). LC noradrenergic cells, as happens with SNc neurons, also contains neuromelanin which makes them specially vulnerable to neurodegeneration in PD (reviewed in Martin-Bastida et al., 2017 and Vila, 2019).

Despite being a tiny nucleus, the LC shows an enormous projecting network, influencing the activity of nuclei all over the brain. It sends descending projections to the spinal cord (Westlund et al., 1983) and densely innervates ascending areas of the CNS as the amygdala, superior colliculus, paraventricular thalamic nucleus, hippocampus, olfactory bulb, dorsal raphe, and cortex, including prefrontal, orbitofrontal, anterior cingulate, and primary motor cortices (Fallon et al., 1978; Shipley et al., 1985; Loughlin et al., 1986; Kim et al., 2004; Chandler et al., 2014; Schwarz et al., 2015; Kempadoo et al., 2016; Takeuchi et al., 2016; McCall et al., 2017; Beas et al., 2018; Li L. et al., 2018). The SNc and the ventral tegmental area also receive modest noradrenergic innervation from the LC (Baldo et al., 2003; Mejías-Aponte et al., 2009). By contrast, those areas with intense dopaminergic innervation as the nucleus accumbens or the striatum show discrete noradrenergic innervation (Mason and Fibiger, 1979; Berridge et al., 1997; Delfs et al., 1998; Fitoussi et al., 2013). As for the afferences, the LC also receives a large variety of inputs including those from the paragigantocellularis, prepositus hypoglossi, dorsal raphe, superior colliculus, prefrontal cortex, or the SNc (Aston-Jones et al., 1986; Devoto et al., 2005b; Delaville et al., 2011; Lu et al., 2012; Breton-Provencher and Sur, 2019).

It is interesting to mention that although the LC does not project to nuclei highly innervated by the dopaminergic system, it can still influence dopaminergic transmission distally. Devoto and collaborators have extensively characterized that LC-tyrosine hydroxylase positive fibers can co-release not only noradrenaline (NA) but also dopamine (DA) in the cortex, including prefrontal, parietal, and occipital cortices involving α2-adrenoceptor-mediated mechanisms (Devoto et al., 2001; Devoto et al., 2003; Devoto et al., 2004; Devoto et al., 2005a; Devoto et al., 2005b). More recently, other authors have also supported that LC activation promotes DA release in the thalamus and hippocampus, contributing to stress and cognitive functions (Smith and Greene, 2012; Kempadoo et al., 2016; Yamasaki and Takeuchi, 2017; Beas et al., 2018).

In view of the dense noradrenergic projection network, it is easy to understand the implication of this nucleus in many physiological functions and pathological conditions. Experimental preclinical models have demonstrated the implication of the LC in arousal, cognition, anxiety, depression, pain, attention, and locomotor control (Aston-Jones and Bloom, 1981; Carter et al., 2010; Curtis et al., 2012; Sara and Bouret, 2012; Chandler et al., 2014; McCall et al., 2015; Szot et al., 2016; Benarroch, 2017; Hirschberg et al., 2017; McCall et al., 2017; Beas et al., 2018; Breton-Provencher and Sur, 2019; Llorca-Torralba et al., 2019). The availability of new technologies, as opto- and chemogenetics, that allow efficient activation/inhibition of specific anatomical projections or cellular subtypes, has provided a better understanding of those functions and unraveled that the LC is a more heterogeneous nucleus than previously proposed. Interestingly many of the pathological situations triggered by the dysfunction of the LC are present in PD, stressing the role of this nucleus in the development and management of the non-motor complications of the disease.



Noradrenergic Dysfunction in Parkinson’s Disease


Preclinical Evidence

In the last decades, researchers have shown increasing interest in further understanding the pathophysiological basis of the non-motor symptoms present in PD with special focus on the noradrenergic system. In the preclinical studies, viral-vector-induced, gene-mutated, or neurotoxin-based animal models are regularly used although the vast majority of the data come from these latter ones.

Anatomical studies using the unilaterally 6-hydroxydopamine (6-OHDA)-lesioned rat model show that the number of LC neurons is not affected by the DA loss (Miguelez et al., 2011b; Ostock et al., 2018) but NA levels in different projection areas are variably decreased. In the prefrontal cortex of the lesioned hemisphere, some authors found unchanged (Delaville et al., 2012a; Delaville et al., 2012b) or reduced NA concentrations (Shin et al., 2014; Ostock et al., 2018). Similarly, other areas with sparse noradrenergic innervation, as the striatum, show unchanged or lower NA levels (Shin et al., 2014; Ostock et al., 2018). Bilateral models of 6-OHDA show, however, more robust NA deficits in the cortex and striatum (Vieira et al., 2019). 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys exhibit clear noradrenergic damage, including LC cell loss, lower NA concentrations in several brain regions, and reduced noradrenergic innervation of the SNc and the subthalamic nucleus (Pifl et al., 1991; Masilamoni et al., 2017). Some publications have also reported low NA striatal and cortical tissue content in MPTP mice (Luchtman et al., 2009; Nayyar et al., 2009; Ando et al., 2018). Indeed, MPTP reproduces better than 6-OHDA the heterogeneous neuronal damage produced in PD, as recently shown by a publication using matrix-assisted laser desorption-ionization mass spectrometry (Kadar et al., 2014). Evidence regarding the integrity of the noradrenergic system in transgenic mice models of PD is more scarce but also stresses noradrenergic impairment. Thus, reduced tyrosine hydroxylase positive cells and α-synuclein aggregations in the LC have been demonstrated in PINK1 knockout rats (Grant et al., 2015; Cullen et al., 2018), LRRK, and parkin knockout mice (Von Coelln et al., 2004; Giaime et al., 2017). However, in transgenic mice overexpressing human A53T α-synuclein, although having lower NA levels at the level of the striatum, olfactory bulb, and spinal cord, TH positive cells in the LC expressed modest α-synuclein aggregates but remained intact in number (Giasson et al., 2002; Sotiriou et al., 2010). These noradrenergic dysfunctions are accompanied by behavioral deficits, such as early vocalization and swallowing deficits.

It is also interesting to stress that in parkinsonian conditions, the noradrenergic system may contribute in some extent to the loss of dopaminergic function. In animals lesioned with 6-OHDA, noradrenergic transporter (NET) are increased possibly for compensating for the severe DA loss (Chotibut et al., 2012). Indeed, NET can reuptake not only NA but also DA in those regions with sparse DA innervation (Morón et al., 2002). In this line, some publications support that in absence of DA transporters, NET reuptakes L-DOPA-derived DA in the striatum and other areas, playing a possible role in L-DOPA induced dyskinesia (LID), as later discussed.

Apart from the anatomical and neurochemical changes, few electrophysiological studies using anaesthetized 6-OHDA lesioned animals, have revealed that experimental DA degeneration also impacts LC neuron basal activity and its response to antidepressant agents in parkinsonian rodents. Regarding the electrophysiological changes, increased and decreased activity was reported by different authors (Wang et al., 2009; Miguelez et al., 2011a; Miguelez et al., 2011b). This discrepancy may rely in methodological differences that could imply direct noradrenergic damage produced by the neurotoxins (Szot et al., 2016). On the other hand, in control rats, serotonergic and noradrenergic antidepressants interact with L-DOPA when administered together (see below). Using the forced swimming test, control rats subchronically treated with L-DOPA and fluoxetine showed reduced efficacy of the antidepressant drug, while coadministration of the NET blocker reboxetine and L-DOPA provided the opposite effect (Miguelez et al., 2013). At the behavioral level, regardless inconsistencies found through the scientific publications, parkinsonian animals tend to mimic the human symptomatology showing motor but also non-motor impairments (Titova et al., 2017). An array of studies report that rodents lesioned with 6-OHDA or MPTP show anxious and depressive behavior, pain, cognitive, and sleep disturbances (Monaca et al., 2004; Pérez et al., 2009; Berghauzen-Maciejewska et al., 2014; Vo et al., 2014; Kamińska et al., 2017; Charles et al., 2018; Campos et al., 2019; Domenici et al., 2019), more notably in bilateral models of the disease (Ferro et al., 2005; Tadaiesky et al., 2008; Santiago et al., 2010; Bonito-Oliva et al., 2014; Vieira et al., 2019). Although the participation of other nuclei cannot be ruled out, the role of the LC in the mentioned functions is widely accepted.

Although preclinical data to large extent support the noradrenergic affection in parkinsonian models, several discrepancies exist, which may be due to methodological variations. In this regard, especially when using the neurotoxin 6-OHDA, it should be considered that lesion protocols vary considerably among the studies, including key steps like animal age, toxin dose and injection site, magnitude of the lesions, and administration of the non-selective NET blocker desipramine to protect noradrenergic neurons from the 6-OHDA toxicity. Genetic and α-synuclein based models are less often used with considerable results variation among the studies. The use of other neurotoxins as MPTP seems to provide results that are more consistent.



Clinical Evidence

In line with the aforementioned findings reported in animal models of PD, there is substantial evidence showing degeneration of the noradrenergic system in PD patients. Numerous anatomical post mortem studies in PD brains have documented a moderate to severe cell loss (around 30–90%) and Lewy body pathology in the LC, equal in magnitude throughout the rostral-caudal parts of the nucleus (Gaspar and Gray, 1984; Chan-Palay and Asan, 1989; German et al., 1992; Bertrand et al., 1997; Zarow et al., 2003; McMillan et al., 2011). Specifically, neuromelanin-containing medium-size LC neurons present somatic and dendritic alterations, whereas smaller non-noradrenergic LC cells do not show severe pathological changes (Patt and Gerhard, 1993).

Although in vivo positron emission tomography imaging studies using non-specific ligands failed to identify the noradrenergic damage, more recent neuromelanin-sensitive magnetic resonance studies have found progressive loss of the LC signal in both idiopathic and genetic PD patients and even a lower signal in those PD patients with depressive symptoms (Sasaki et al., 2006; Castellanos et al., 2015; Schwarz et al., 2017; Wang et al., 2018). 18F-dopa positron emission tomography imaging, as an index of monoaminergic nerve terminal function, have also demonstrated a reduced uptake in the LC, indicating progressive loss of noradrenergic terminal function (Pavese et al., 2011).

While the relationship between α-synuclein accumulation and neuronal death is not fully understood, it has been proposed that this protein burden may lead to neuronal dysfunction/degeneration and, therefore, impair neurotransmission (Espay et al., 2014). As explained before, Braak and colleagues established six levels of degeneration over the course of the disease where the noradrenergic impairment would occur earlier than the dopaminergic one and the subsequent primary motor symptoms. It has further been proposed that α-synuclein pathology in the LC not only precedes, but may also be of greater magnitude than that occurring in the SNc, a finding that persists across disease stages (Zarow et al., 2003). These results suggest that LC dysfunction may directly contribute to disease onset and progression rather than be a collateral consequence.

Consistent with LC neuron loss and degeneration, there is a decreased noradrenergic innervation of LC target structures, including the prefrontal and motor cortex, striatum, thalamus, hypothalamus, and cerebellum (Kish et al., 1984; Shannak et al., 1994; Pavese et al., 2011; Pifl et al., 2012; Sommerauer et al., 2018b). The atrophy of tyrosine hydroxylase-containing axons is not restricted to the central nervous system, and a prominent loss of noradrenergic innervations of the peripheral autonomic system has been demonstrated, including in the left cardiac ventricle (Hakusui et al., 1994; Takatsu et al., 2000; Slaets et al., 2015).

Although plasma NA levels are elevated in de novo PD patients (Ahlskog et al., 1996), neurochemical studies have reported lower levels of the neuronal NA metabolite dihydroxyphenylglycol in the cerebrospinal fluid (Goldstein et al., 2012), as well as marked reduction of DA-beta-hydroxylase activity, an enzyme responsible for hydroxylation of DA to NA, in parkinsonian patients (Hurst et al., 1985; O’Connor et al., 1994). Regarding changes in adrenergic receptors in PD, an in vitro autoradiographic study showed upregulation of α1- and β1- and reduced density of α2-adrenoceptors in the prefrontal cortex of post mortem parkinsonian patients (Cash et al., 1984).

Despite some discrepancies in animal models, both preclinical and clinical studies support the notion that the noradrenergic system is impaired in parkinsonism. This is important for understanding the complexity of the neurodegenerative process and should be taken into account when administering drugs whose pharmacological effect relies on the integrity of this system.




Clinical Implications of Noradrenergic Dysfunction in PD

The degeneration of the noradrenergic system in the CNS and periphery occurring in PD is associated with a broad spectrum of non-motor symptoms that encompass autonomic, behavioral, and cognitive parameters. The appearance of these symptoms and signs cannot be just attributed to an alteration in the functioning of the noradrenergic system, as they are also known to be associated with deficits in other neurotransmission systems such as cholinergic, serotonergic, GABAergic, or glutamatergic (Schapira et al., 2017). However, in this review, we will focus on non-motor complications appearing in the prodromal phase of the disease that, apart from other neurotransmitters’ abnormalities, implicate malfunctioning of LC neurons.

In accordance with predicted Braak’s stages, the different clinical features due to noradrenergic dysfunction can be observed along the progression of the disease (Halliday et al., 2011) and, often appear before motor symptoms onset. Detecting noradrenergic impairment could be used as a diagnostic biomarker for early detection of the neurodegeneration, providing an opportunity for intervention with disease-modifying therapies (Betts et al., 2019).


Autonomic Disturbances

Sympathetic autonomic dysfunction is a common clinical feature of PD and may precede motor symptomatology, becoming more prevalent as the disease progresses (Schapira et al., 2017). The most common dysautonomic symptoms are orthostatic hypotension, urogenital dysfunction, and constipation (Martinez-Martin et al., 2015), but PD patients can also suffer fatigue, thermoregulatory dysregulation, excessive perspiration, or postural light-headedness. Autonomic dysfunction has a heterogeneous manifestation and its progression is not predictable, however, it is associated with reduced autonomy and a decline in quality of life, regardless of severity or duration of the disease (Leclair-Visonneau et al., 2018). The orthostatic hypotension affects 30–58% of PD patients (Goldstein, 2006) and has been linked to peripheral sympathetic cardiovascular denervation and also in a certain degree to central autonomic involvement. PD patients with defined symptomatic orthostatic hypotension exhibit decreased LC neuromelanin signal on magnetic resonance studies (Sommerauer et al., 2018a) and low plasma levels of NA, which is associated with both supersensitivity of vascular adrenergic receptors and an up-regulation of platelet α2-adrenoceptors (Senard et al., 1990). As a consequence of a reduced capacity to adapt the peripheral vasculature and cerebral perfusion pressure PD patients can often manifest postural light-headedness and syncope (Sharabi et al., 2008). Constipation and prolonged gastrointestinal transit time affect more than 80% of PD patients and, in some cases, may lead to megacolon (for review see Cersosimo and Benarroch, 2008). Although defecation dysfunction seems to be multifactorial, one of the proposed pathophysiological mechanisms is the accumulation of α-synuclein immunoreactive Lewy bodies in sympathetic ganglia (Wakabayashi and Takahashi, 1997). Urinary and sexual dysfunctions are also late features of PD related to degeneration of brain regions that innervate the bladder, among them the LC (Micieli et al., 2003; Park and Stacy, 2009).



Sleep Disorders

Sleep disturbances are among the most frequent PD symptoms, affecting some 60–98% of patients (Stacy, 2002). Common sleep disorders include excessive daytime somnolence, nocturnal wakefulness, sleep attacks, REM sleep behavior disorder, or restless leg syndrome. All these sleep impairments can be early premotor manifestations and related to LC dysfunction as underlying mechanism, since this nucleus contributes to the control of arousal and sleep-wake cycle (Carter et al., 2010). In fact, post mortem examinations of patients with REM sleep behavior disorder without motor symptoms revealed neuronal loss and Lewy bodies in the LC (Uchiyama et al., 1995). A recent magnetic resonance study further linked LC neuromelanin levels with amount of REM sleep without atonia in PD patients (Sommerauer et al., 2018a). Clinical management of sleep disorders in PD is complex because most of the antiparkinsonian drugs can alter sleep architecture and induce sleepiness as a side effect. Nevertheless clonazepam or melatonin are often prescribed (Gagnon et al., 2006).



Depression

Depression affects up to 40% of PD patients and may precede the onset of motor symptomatology (Cummings, 1992; Shiba et al., 2000; Cummings et al., 2019). There is strong evidence for a correlation between noradrenergic function and depression in PD patients. In fact, neuroimaging and neuropathological studies have demonstrated reduced LC projections to limbic brain areas (cingulate cortex, thalamus, ventral striatum, or amygdala), as well as gliosis and cell loss at LC level, which was more pronounced in patients with higher frequency of depression or anxiety (Remy et al., 2005; Frisina et al., 2009). As in major depression, selective serotonin reuptake inhibitors, tricyclic antidepressants, serotonin and NA reuptake inhibitors, and monoamine oxidase inhibitors are used in the pharmacotherapy, with partial effect, probably influenced by the neurodegeneration of the serotonergic and noradrenergic systems (Ryan et al., 2019). The use of antidepressant that do not target monoaminergic systems may potentially offer benefit in these patients (Vanle et al., 2018).



Cognitive Manifestations

The loss of LC neurons and decreased noradrenergic innervation of forebrain targets are associated with cognitive dysfunction in PD (Cash et al., 1987; Rommelfanger and Weinshenker, 2007; Vazey and Aston-Jones, 2012; Sommerauer et al., 2018a). In early PD, subtle cognitive deficits include difficulty in executing functioning, particularly cognitive flexibility, which is the capacity to update and redirect attention when the environmental or homeostatic conditions change. Flexibility in cognitive processing is an essential function of prefrontal cortex and it has been proposed that loss of prefrontal noradrenergic input may contribute to this prodromal cognitive deficit (Vazey and Aston-Jones, 2012). In late stage PD, dementia can occur with a prevalence of 24–31% (Aarsland et al., 2005). Although dementia in PD is related to a substantial reduction in cortical cholinergic markers, there is also evidence for a more severe loss of noradrenergic input from the LC to cortical areas (Chan-Palay and Asan, 1989). The severity of dementia has been linked to the loss of LC neurons in some studies (Zweig et al., 1993; Del Tredici and Braak, 2013; Li et al., 2019).




Noradrenaline, Neuroinflammation, and Neuroprotection

It is important to mention that NA might protect DA neurons from damage and therefore, integrity of the noradrenergic system may condition the progression of the disease. In this sense, preclinical data from MPTP mice and marmosets suggest that damaging the LC leads to a loss of DA neurons in the SNc followed by more pronounced motor deficits (Mavridis et al., 1991; Marien et al., 1993; Bing et al., 1994; Fornai et al., 1995; Fornai et al., 1997; Yao et al., 2015; Li Y. et al., 2018). Conversely, the damage produced by MPTP is reduced when the synthesis of NA is boosted (Kilbourn et al., 1998; Archer, 2016) or the NET is knocked out (Rommelfanger et al., 2004). A recent publication using mutant mice characterized by the progressive degeneration of dopaminergic neurons demonstrated that chronic pharmacological NET blockade ameliorates such degeneration and the subsequent motor impairment (Kreiner et al., 2019). Peripheral administration of the NET blocker atomoxetine also reduced DA damage in a lipopolysaccharide inflammatory rat model of PD (Yssel et al., 2018). Direct noradrenergic damage by the administration of the neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (or DSP-4) also produces motor deficits and DA cell loss in control rats (Af Bjerkén et al., 2019). In another recent publication, DSP-4 developed motor and non-motor symptoms in control mice and exacerbated motor disability in mice rendered parkinsonian by the injection of lipopolysaccharide (Song et al., 2019). Some studies performed in 6-OHDA lesioned rodents also suggest that noradrenergic lesions in parkinsonian rats augment dopaminergic neuron vulnerability (Ostock et al., 2014) leading to lower DA levels (Srinivasan and Schmidt, 2003) and worsening motor performance (Srinivasan and Schmidt, 2003; Srinivasan and Schmidt, 2004; Wang et al., 2010; Shin et al., 2014; Ostock et al., 2018). Other studies using the same 6-OHDA model failed, however, to reproduce the latter findings (Delaville et al., 2012a; Guimarães et al., 2013; Ostock et al., 2014; Shin et al., 2014).

The mechanism underlying the neuroprotective effect of NA on DA degeneration is not well understood, although several lines of evidence point at the anti-inflammatory properties of NA as one factor responsible of such an effect. Both PD patients and animal models of the disease show reactive astrogliosis, astrocytic dysfunction, and microglial activation, which has been proposed as the origin of neuroinflammation (Ouchi et al., 2005; Gerhard et al., 2006; Glass et al., 2010; Terada et al., 2016; Liu et al., 2017; Tsutsumi et al., 2019). Importantly, by controlling microglial activation NA is able to halt the damage of dopaminergic neurons. Studies performed in cell cultures and animal models suggest that NA suppresses neuroinflammation by acting, at least in part, on b2-adrenergic receptors, which are highly expressed in glial cells (Mori et al., 2002; Tanaka et al., 2002; Yao et al., 2015). Low concentrations of NA or long acting β2-agonists are able to inhibit the microglial production and release of chemokines, interleucines, tumor necrosis factor (TNF-α), superoxide or nitric oxide, among others, (Mori et al., 2002; McNamee et al., 2010a; Qian et al., 2011) or to stimulate the synthesis of interleukin-1 receptor antagonists (McNamee et al., 2010b). Pharmaceutical strategies for increasing NA levels also attenuate nigral microglial activation and ameliorate the behavioral deficits in parkinsonian rats (Yssel et al., 2018). Other authors have also proposed that in addition to the β2-mediated mechanisms, NA can impact inflammation by inhibiting NADPH oxidase-generated superoxide (Jiang et al., 2015). Additionally, β2-agonists and NET inhibitors can also induce release of neurotrophic factors from astrocytes promoting neuroprotection and regeneration (Yssel et al., 2018).

By contrast, NA deficit accelerates dopaminergic neurodegeneration by promoting inflammation, diminishing neurotrophic factors and promoting oxidation in the SN (Yao et al., 2015; Af Bjerkén et al., 2019). In this sense, a recent publication observed that additional lesion of the LC in animal models of PD promotes enhanced release of interleukins and cytokines, likely due to an incorrect microglial function, and aggravates DA neuron degeneration (Yao et al., 2015) although some authors fails to confirm this cell loss (Iravani et al., 2014). As commented before, combined dual NA/DA lesions lead to more severe phenotype including motor and non-motor symptomatology, probably due to the higher inflammatory response and faster cell loss (Bharani et al., 2017; Song et al., 2019). The implication of NA in neuroinflamation and neuroprotection could have an important translational impact in the clinic. In this sense, a long-term prospective observatory study has reported that those patients with chronic respiratory diseases, that are chronically treated with β2-adrenergic agonists may have a lower probability of developing PD (Mittal et al., 2017). One of the reasons for this neuroprotective effect may not only rely on microglial activation, but also on the ability of b2-adrenoceptors to down regulate expression of human α-synuclein genes and moderate protein expression. When looking for new neuroprotective therapies, it may be relevant to assure a good NA tone for minimizing the contribution of neuroinflammation to the neuropathology.



L-DOPA and the Noradrenergic System

L-DOPA is still considered the most efficient anti-parkinsonian drug. It is a metabolic precursor of NA through its decarboxylation into DA by the aromatic amino acid decarboxylase and the β-hydroxylation of DA by the DA beta-hydroxylase. Unfortunately, L-DOPA is poorly effective against non-motor symptoms, does not control some later-onset motor problems like freezing or “wearing-off” fluctuations, and its long-term use is associated with dyskinesia and hallucinations (Olanow et al., 2009; Hirao et al., 2015). The contribution of the noradrenergic system to LID has been investigated in animal models using NA/DA neurotoxic lesions. Although some studies report no implication of the noradrenergic system (Pérez et al., 2009; Ostock et al., 2014; Ostock et al., 2018), others have demonstrated that additional noradrenergic lesion worsens dyskinetic movements in parkinsonian rodents chronically treated with L-DOPA (Fulceri et al., 2007; Miguelez et al., 2011b; Shin et al., 2014). Interestingly, in one study, the authors induced the noradrenergic lesion to already dyskinetic animals, showing an increase in the duration of the dyskinetic effect of L-DOPA probably due to impaired striatal DA clearance (Miguelez et al., 2011b).

Some noradrenergic drugs have proven antidyskinetic properties in experimental animal models of LID. The α2A-adrenoceptor antagonist idazoxan, reduced LID, and delayed their onset without compromising the motor score in MPTP-treated monkeys. Idazoxan prevented LID appearance while increasing the locomotor response to L-DOPA (Henry et al., 1999; Grondin et al., 2000; Fox et al., 2001). Additional α2A-adrenoceptor antagonists have proven similar antidyskinetic properties (Gomez-Mancilla and Bédard, 1993; Henry et al., 1999; Grondin et al., 2000; Savola et al., 2003; Fox and Brotchie, 2010). Other noradrenergic drugs, as the β-adrenergic receptor antagonist propranolol and the α2-receptor agonist clonidine also showed antidyskinetic effects in MPTP-treated monkeys, at the cost of reducing the antiparkinsonian efficacy (Gomez-Mancilla and Bédard, 1993). Experiments performed in 6-OHDA lesioned rats support the prodyskinetic action of the α2-antagonist atipamezole and the antidyskinetic effect of propranonol, clonidine, or idazoxan, which did not worsen motor performance (Dekundy et al., 2007; Gerlach et al., 2013; Bhide et al., 2015; Ostock et al., 2015). These findings suggest that the limited though beneficial effect of clonidine on LID is probably indirect due to the stimulation of somatodendritic α2-receptors, which inhibit noradrenergic neuronal activity and NA release. Some authors also suggest that the antidyskinetic effect of clonidine may be related to its sedative properties (Gerlach et al., 2013). Conversely, the antidyskinetic action of idazoxan, even if it enhances brain NA release by antagonizing α2 autoreceptors, could be related to the blockade of α2-receptors expressed by NA receptive cells at terminal levels. In any case, the overall picture is complex due to the involvement of the other adrenergic receptor subtypes in LID. The resulting effect of an overall increase in NA extracellular on LID is thus uncertain. In contrast to the beneficial effect of reboxetine (Shin et al., 2014), other NET inhibitors including desipramine have been reported to aggravate LID (Arai et al., 2008; Chotibut et al., 2014; Conti et al., 2016).

As mentioned above, noradrenergic mechanisms are involved in non-motor symptoms and shape the responses to other medications such as antidepressant drugs (Eskow Jaunarajs et al., 2010; Eskow Jaunarajs et al., 2011; Miguelez et al., 2011b; Miguelez et al., 2013). Noradrenergic neurons may also be involved in the effects of L-DOPA, but the preclinical data are not clear. For instance, participation of noradrenergic neurons in the ability of L-DOPA to enhance DA extracellular levels is likely an indirect effect that requires the dorsal raphe nucleus (Tanaka et al., 1999; Navailles et al., 2010; Navailles and De Deurwaerdère, 2012; De Deurwaerdère et al., 2017; Miguelez et al., 2017). In dyskinetic rats, lesion of noradrenergic terminals or neurons did not reduce L-DOPA-stimulated extracellular levels of DA in the striatum (Navailles et al., 2014; Ostock et al., 2018). However, the noradrenergic lesion enhanced the effect of L-DOPA in extrastriatal regions in part due to the loss of clearance of extracellular DA by noradrenergic fibers bearing NET (Navailles et al., 2014). Another study found that the noradrenergic lesion with DSP-4 potentiates L-DOPA-induced rotations, although this behavioral effect is not directly related to DA extracellular levels (Pérez et al., 2007). Evidence suggests that the noradrenergic system participates in the effect of L-DOPA, but preclinical data are difficult to extrapolate to PD patients because the noradrenergic fibers, at least from the LC, are damaged (see above). It is also important to bear in mind that extracellular striatal DA levels induced by L-DOPA in the striatum neither parallel motor effects nor abnormal motor effects (De Deurwaerdère et al., 2017).

Although behavioral data support that noradrenergic drugs can modulate the effect of L-DOPA, the potential effect of L-DOPA on NA content or neuron activity is less clear. In the LC, low doses of L-DOPA did not alter the electrical tonic activity of noradrenergic neurons in control rats (Miguelez et al., 2013). Post mortem data vary, reporting no effect, or a decrease in NA tissue concentration in response to L-DOPA administration depending on the dose regimen and the brain region studied (for review see De Deurwaerdère et al., 2017). Acute or chronic L-DOPA increased NA tissue level in the prefrontal cortex of normal macaques, but the same regimen decreased NA tissue level in the prefrontal cortex and the amygdala of MPTP-treated monkeys whether they were dyskinetic or not (Engeln et al., 2015). The only difference regarding NA tissue levels between non-dyskinetic and dyskinetic monkeys was found at the level of the motor cortex. Studies on L-DOPA-evoked extracellular levels of NA also show inconclusive results. In this regard, the latest publications have reported a substantial increase in striatal NA release after L-DOPA administration (Wang et al., 2014; Ostock et al., 2018). However, in one study NA levels were still excessive after noradrenergic neurons were destroyed (Ostock et al., 2018). It is likely that other electrochemically active compounds were confounding the chromatograms (Chagraoui et al., 2019). Other data indicate that L-DOPA either inhibits or does not alter NA release in the cortex (Dayan and Finberg, 2003; Pascucci et al., 2012).



Conclusion

The identification of noradrenergic mechanisms in PD is crucial for understanding autonomic functions and non-motor symptomatology, and drugs that target this system may have a beneficial impact in the quality of life of the patients. One major difficulty is to extrapolate the results from animal models to patients where those alterations are variable and depend on the stage of the disease. Meanwhile, the involvement of the noradrenergic system in L-DOPA induced therapeutic effects is controversial, and noradrenergic strategies to limit the side effects accompanying anti-parkinsonian drugs are still not firmly established. In summary, and taking into account that noradrenergic system pathophysiology is a common feature of PD with other neurodegenerative diseases, such as Alzheimer’s disease or atypical neurodegenerative dementias, maintenance of this system integrity may provide a common viable therapeutic option as neurodegenerative diseases-modifying strategy.
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Alpha-synuclein (α-Syn) is a key protein involved in Parkinson's disease (PD) pathology. PD is characterized by the loss of dopaminergic neuronal cells in the substantia nigra pars compacta and the abnormal accumulation and aggregation of α-Syn in the form of Lewy bodies and Lewy neurites. More precisely, the aggregation of α-Syn is associated with the dysfunctionality and degeneration of neurons in PD. Moreover, mutations in the SNCA gene, which encodes α-Syn, cause familial forms of PD and are the basis of sporadic PD risk. Given the role of the α-Syn protein in the pathology of PD, animal models that reflect the dopaminergic neuronal loss and the widespread and progressive formation of α-Syn aggregates in different areas of the brain constitute a valuable tool. Indeed, animal models of PD are important for understanding the molecular mechanisms of the disease and might contribute to the development and validation of new therapies. In the absence of animal models that faithfully reproduce human PD, in recent years, numerous animal models of PD based on α-Syn have been generated. In this review, we summarize the main features of the α-Syn pre-formed fibrils (PFFs) model and recombinant adeno-associated virus vector (rAAV) mediated α-Syn overexpression models, providing a detailed comparative analysis of both models. Here, we discuss how each model has contributed to our understanding of PD pathology and the advantages and weakness of each of them.


Significance

Here, we show that injection of α-Syn PFFs and overexpression of α-Syn mediated by rAAV lead to a different pattern of PD pathology in rodents. First, α-Syn PFFs models trigger the Lewy body-like inclusions formation in brain regions directly interconnected with the injection site, suggesting that there is an inter-neuronal transmission of the α-Syn pathology. In contrast, rAAV-mediated α-Syn overexpression in the brain limits the α-Syn aggregates within the transduced neurons. Second, phosphorylated α-Syn inclusions obtained with rAAV are predominantly nuclear with a punctate appearance that becomes diffuse along the neuronal fibers, whereas α-Syn PFFs models lead to the formation of cytoplasmic aggregates of phosphorylated α-Syn reminiscent of Lewy bodies and Lewy neurites.





Keywords: Lewy body pathology, α-Syn pre-formed fibrils, α-Syn AVV-viral particles, prion-like propagation, Braak hypothesis, α-Syn aggregation



Parkinson's Disease

Parkinson's Disease (PD) is the second most common neurodegenerative disorder after Alzheimer's disease. Currently, PD affects 1%–2% of people over the age of 60 years, rising to 4% at age 80 years (Rizek et al., 2016). PD is mainly characterized by the progressive loss of dopaminergic neurons of the substantia nigra that project to the striatum (Xu and Pu, 2016). The deficiency of dopamine in the striatum leads to the development of the classic motor symptoms of PD, including bradykinesia, resting tremor, muscular rigidity, and postural instability. In addition to motor symptomatology, non-motor manifestations, such as autonomic dysfunction, olfactory impairment, mood disorders (i.e., depression and anxiety), cognitive deficits, or sleep disturbances are also frequently present in PD. Most of these symptoms appear even before the motor symptoms and have a serious impact on the quality of life of patients (Kalia and Lang, 2015; Schapira et al., 2017). Because the PD motor symptoms emerge when the striatal dopamine levels have decreased by 60%–80% (Dauer and Przedborski, 2003), the study of PD non-motor symptoms is important to identify early biomarkers as well as targets to develop disease-modifying therapies that slow or prevent the progression of neurodegeneration.

The neuropathological mechanisms underlying non-motor symptoms of PD are still poorly understood, but growing evidence suggests that the evolution of these symptoms may arise from the disruption of both dopaminergic and non-dopaminergic systems, and the involvement of diverse structures outside the nigrostriatal system (Jellinger, 2017; Schapira et al., 2017). Besides the dopamine, the further key neurotransmission systems that have been described to be involved in the pathogenesis of PD are the noradrenergic system of locus coeruleus, the serotonergic system of the dorsal raphe nuclei, and the cholinergic system of the nucleus basalis of Meynert and the pedunculopontine nucleus (Qamar et al., 2017). Since the relative contribution of each of these pathways to motor and non-motor symptoms has only been partially explored, additional research is needed to fully understand their involvement in the clinical and pathological features of the disease.

The neuropathological hallmark of PD is the abnormal accumulation and aggregation of alpha synuclein protein (α-Syn) in form of Lewy bodies and Lewy neurites (Xu and Pu, 2016). It is well established that pathological aggregation of α-Syn is a common feature of several neurodegenerative diseases including PD, dementia with Lewy bodies (DLB) and multiple system atrophy (MSA), that are collectively referred as synucleinopathies (Goedert et al., 2017). α-Syn is a protein with remarkable conformational plasticity since it can adopt a wide range of structural conformations (oligomers, protofibrils and fibrils; Deleersnijder et al., 2013; Mehra et al., 2019). Each α-Syn conformation displays distinct properties in terms of neurotoxicity, stability and seeding and propagation ability. It has been proposed that the existence of structurally distinct α-Syn assemblies or α-Syn “strains” may contribute to explain the clinical-pathological heterogeneity among synucleinopathies and help to develop strain-specific medications (Melki, 2015; Peelaerts et al., 2015; Candelise et al., 2019).

Parallel to deficits in both dopaminergic and non-dopaminergic neurotransmission systems, the appearance of PD non-motor symptoms is also attributed to the sequential development of Lewy bodies in different brain regions, including the olfactory bulb, the dorsal motor nucleus of the vagal nerve, locus coeruleus, raphe nucleus, basal nucleus of Meynert and pedunculopontine nucleus (Braak et al., 2003; Braak et al., 2004; Schindlbeck and Eidelberg, 2019). Both hypotheses are not mutually exclusive, since sequential distribution of Lewy bodies through the brain may alter various neurotransmission pathways that may be the basis of non-motor manifestations. To date, the etiology of PD remains unknown, but cumulative evidence suggests that the presence of intraneuronal inclusions of α-Syn affects the functional integrity of neurons, ultimately causing their death. It has been demonstrated that α-Syn aggregates can induce neuronal toxicity leading to neuronal death by multiple mechanisms, including mitochondrial dysfunction, lysosomal impairment, membrane disturbance, endoplasmic reticulum stress, and synaptic dysfunction (reviewed in Roberts and Brown, 2015; Xu and Pu, 2016; Zhang et al., 2018; Zhang et al., 2019). However, although the Lewy pathology is commonly observed in PD, there remains much debate over whether α-Syn aggregation is a key feature for the development and progression of the disease. Two observations contribute to this debate: first, there is solid evidence that not all cases of parkinsonism are characterized by the presence of α-Syn inclusions—several studies have reported that PD patients carrying familial mutations in Parkin gene, and some of those with the LRRK2 G2019S mutation, show neuronal degeneration but do not develop Lewy bodies (Gaig et al., 2009; Johansen et al., 2018) and, second, postmortem analysis reflect that Lewy bodies and Lewy neurites may be present in the absence of clinical PD symptoms (Parkkinen et al., 2005). Strengths and limitations of the evidence that correlate the aggregation of α-Syn with the progression of PD pathology will be addressed throughout the review.



The Role of Alpha-Synuclein in PD Pathology

α-Syn is a small protein encoded by the SNCA gene that is abundantly expressed in the presynaptic terminals of the central nervous system. The exact function of α-Syn remains largely unknown, although mounting evidence supports the notion that α-Syn is involved in synaptic plasticity and neurotransmitter release (Burré et al., 2010; Venda et al., 2010). Likewise, recent studies have shown that neuronal/synaptic activity regulates dynamically the physiological release of endogenous α-Syn, so an elevated neuronal activity increases the release of α-Syn (Yamada and Iwatsubo, 2018). Several lines of evidence demonstrate the pathogenic role of α-Syn in PD: 1) point mutations (A30P, E46K, H50Q, G51D, A53T, and A53E) and duplication or triplication of the SNCA gene cause autosomal dominant forms of PD (Polymeropoulos et al., 1997; Zarranz et al., 2004); 2) polymorphic variants of the SNCA gene constitute an important risk factor for developing idiopathic PD (Nalls et al., 2014); and 3) α-Syn is the major component of Lewy bodies (Spillantini et al., 1997; Wakabayashi et al., 2013).

Under normal conditions, native α-Syn exists in a dynamic equilibrium between unfolded monomers and α-helically folded tetramers with a low propensity to aggregation (Lashuel et al., 2013). The decline of the tetramer:monomer ratio and the consequent increase in the level of α-Syn unfolded monomers favor its aggregation (Nuber et al., 2018). The aggregation process of α-Syn involves a conformational change whereby it adopts a β-sheet-rich structure that facilitates its aggregation into oligomers, protofibrils, and insoluble fibrils that finally accumulate in Lewy bodies. There is an intense debate about what α-Syn species are cytotoxic. Although both oligomeric and fibrillar species of α-Syn have been shown to be toxic, recent studies suggest that oligomers and protofibrils, forming during the initial stages of the aggregation process, are the potent neurotoxic species causing cell death in PD. Conversely, α-Syn fibrils appear to be the most efficient species at propagating, thus contributing to the spread and progression of the disease (Alam et al., 2019; Mehra et al., 2019). Most of studies that confirm the pathogenic effects of different α-Syn assemblies have used in vitro formed species; so the extent to which these oligomers recapitulate the structure and properties of those found in brain tissue from PD patients remains unclear (Bengoa-Vergniory et al., 2017). Mutations, post-translational modifications, an imbalance between synthesis and degradation of α-Syn, and environmental factors influence the aggregation propensity of α-Syn. The A53T mutation was the first to be documented, and it is associated with an early-onset PD (Polymeropoulos et al., 1997). The E46K mutation predisposes to the development of severe parkinsonism with dementia and a large number of Lewy bodies that are widely distributed (Zarranz et al., 2004). Both mutations alter the α-Syn protein structure, which facilitates its aggregation (Li et al, 2001; Greenbaum et al., 2005; Tosatto et al., 2015).

α-Syn undergoes various post-translational modifications, such as phosphorylation, truncation, ubiquitination, and nitration. Phosphorylation of α-Syn at the serine 129 residue is one of the major pathological markers of PD; 90% of α-Syn is phosphorylated in the brain of patients with PD while only 4% of α-Syn is phosphorylated in healthy brains (Oueslati, 2016; Ghosh et al., 2017). However, there is a great controversy over whether phosphorylation has an active role in the α-Syn aggregation or if it is a response mechanism of cells to try to label and eliminate toxic species of α-Syn (Oueslati, 2016). Smith et al. (2005) proposed that phosphorylation of α-Syn promotes the formation of cytoplasmic inclusions in some cell culture models (Smith et al., 2005). Nevertheless, Oueslati et al. (2013) show that phosphorylation of α-Syn induced by polo-like kinase 2 has no effect on the aggregation and regulates α-Syn clearance via the lysosomal autophagy pathway (Oueslati et al., 2013). Additional lines of evidence show crosstalk between phosphorylation and α-Syn degradation. The inhibition of the ubiquitin-proteasome system (Chau et al., 2009) or the autophagy-lysosomal pathway (Machiya et al., 2010) induced a significant increase in phosphorylated α-Syn in human neuroblastoma, suggesting that phosphorylation regulates the α-Syn degradation.



Propagation of Alpha-Synuclein: Evidence and Considerations

Although dopaminergic neurons of substantia nigra seem to be particularly vulnerable in PD, the examination of PD progression indicates that α-Syn pathology is not restricted exclusively to this region. In 2003, Braak et al. postulated the hypothesis that the progression of α-Syn pathology follows a specific caudo-rostral pattern through the central nervous system (Braak et al., 2003; Braak et al., 2004). These authors proposed that the two starting points of PD pathology were the olfactory bulb and the enteric nerves, and from them, the damage extends via the olfactory tract or the vagus nerve, respectively, to other brain regions. According to this theory, PD can be divided into six stages, and each of them is characterized by the development of α-Syn inclusions in specific brain areas, including dorsal motor nucleus of vagus nerve, raphe nuclei, magnocellular portions of reticular formation, locus coeruleus, substantia nigra, and cortex (Killinger and Kordower, 2019). The presence of these inclusion bodies causes a dysfunctionality of the cells, which is ultimately responsible for the development of the clinical symptoms associated with PD (Braak et al., 2003; Braak et al., 2004). Given that α-Syn is involved in neuronal plasticity, the functional consequences of its aggregation have been explored at both the presynaptic and postsynaptic level. A recent study has shown that neurons derived from human induced pluripotent stem cells (iPSC) of PD patients that express oligomer-forming α-Syn mutants (E46K and E57K) display a reduction in presynaptic protein levels, an impaired anterograde axonal transport, and structural abnormalities of the axonal and synaptic compartments (Prots et al., 2018). Moreover, other studies have shown that α-Syn plays a role in N-Methyl-D-aspartic acid (NMDA) receptor trafficking, suggesting that α-Syn has postsynaptic effects. In a transgenic mouse model expressing C-terminally truncated α-Syn (aa 1-120), an impaired hippocampal long-term potentiation due to alterations in dopaminergic transmission and plastic changes in the composition of NMDA receptors has been reported (Tofaris et al., 2006; Costa et al., 2012). Electrophysiological recordings after treating mouse brain slices with α-Syn oligomers show impaired synaptic transmission and long-term potentiation in the hippocampus (Martin et al., 2012; Diógenes et al., 2012). In vivo amperometry recordings in rodents injected with α-Syn PFFs in combination with AAV-mediated overexpression of α-Syn reveal a reduction in dopamine release and reuptake rates in the striatum (Thakur et al., 2017). Recently, an electrophysiological analysis from slices from α-Syn PFFs-injected mice has shown that α-Syn reduces NMDA receptor-mediated synaptic currents and impairs long-term potentiation in the striatal medium spiny neurons (Durante et al., 2019).

Moreover, Kordower et al. found Lewy body-like inclusions in embryonic grafted neurons in PD patients, suggesting that α-Syn can spread from the host to the graft neurons (Kordower et al., 2008). The α-Syn protein has been detected in cerebrospinal fluid, and blood plasma of both PD and healthy subjects (El-Agnaf et al., 2003) and, in addition, numerous in vitro studies have demonstrated that cultured neurons can secrete α-Syn and take it up from the extracellular space (Luk et al., 2009; Volpicelli-Daley et al., 2011; Reyes et al., 2015). All these findings suggest that pathological α-Syn acts as a prion-like protein that can propagate throughout the brain through cell-to-cell transmission mechanisms. Moreover, the treatment of cultured cells with recombinant α-Syn fibrils induces the aggregation of endogenous α-Syn in insoluble inclusions that resemble Lewy bodies. These data suggest that PFFs can seed the recruitment of endogenous α-Syn and induce its pathological conversion (Luk et al., 2009; Volpicelli-Daley et al., 2011). In addition to in vitro studies, in the last decade, several animal models of PD have been developed to study (in vivo) the ability of propagation of α-Syn protein. These models can be classified as (a) neural stem cell transplantation into transgenic mice expressing human α-Syn (Desplats et al., 2009), (b) administration of brain extracts derived from PD patients (Recasens et al., 2014) or α-Syn pre-formed fibrils (PFFs; Chung et al., 2019), and (c) AAV-α-Syn viral particles (Ulusoy et al., 2013; Ip et al., 2017). Among these, the PFFs and the AAV-α-Syn viral particle models, which are the subject of this review, are the most extensively used models to study the α-Syn pathology and propagation.

Although many studies support the prion-like nature of α-Syn and show that its propagation determines the temporal course of the disease, some observations have recently challenged this theory. The Braak staging is neither a proof nor an argument of the spreading hypothesis,  it might be rather that certain subsets of neurons are affected by Lewy bodies much earlier than others and that, therefore, the intraneuronal lesions evolve sequentially (Walsh and Selkoe, 2016). Another clinical observation that has questioned the pathogenic spread hypothesis is that only a minority of grafted neurons in patients with advanced PD exhibited Lewy body-like inclusions, and their presence appeared to have little functional consequences for neurons that survived for long periods of time (Kordower et al., 2008; Cooper et al., 2009; Hallett et al., 2014). In this context, a new possibility raised is that a selective vulnerability of specific neuronal populations to certain adverse stimuli, such as neuroinflammation, contributes to the propagation of α-Syn (Walsh and Selkoe, 2016). Misfolded α-Syn can trigger the activation of microglia. Likewise, activated microglia can enhance the aggregation and spreading of α-Syn, creating a positive feedback loop between inflammation and α-Syn aggregation. Both phenomena are interconnected, and this interaction plays a key role in the pathogenesis of PD. Therefore, it remains unclear whether α-Syn aggregation is a cause or a consequence of inflammation. A recent study suggests that activation of microglia with toxic cytokine release, such as caspase-1 and calpains, plays a critical role in promoting the misfolding of native α-Syn and in the spread of misfolded α-Syn in PD (Olanow et al., 2019). The two proposed possibilities, the prion-like hypothesis and the selective vulnerability hypothesis, are not mutually exclusive, and a combination of both hypotheses might occur. It is noteworthy that in the PFFs models, microglial activation might appear as resulting from an immune reaction due to the inoculation of foreign α-Syn fibrils. Indeed, it has been shown that striatal injection of α-Syn PFFs but not monomers in WT mice can trigger neuro-inflammation by increasing peripheral immune cells infiltration in the CNS (Earls et al., 2019). Apparently, this immune reaction would precede the dopaminergic neurodegeneration (Harms et al., 2017) but, it cannot be excluded that the magnitude and the efficacy of the immune reaction can also modulate the spread of the pathology observed as it was recently suggested by (Earls et al., 2020).

Another crucial question that is not clear is whether the spreading of α-Syn is a driving factor for neuronal degeneration and progression of PD, or if it is an epiphenomenon that appears as a result of other alterations, such as lysosomal dysfunction (Killinger and Kordower, 2019). Despite the unequivocal evidence of the presence of Lewy body-like inclusions and the ability of α-Syn to propagate in animal models, why dopaminergic neurons of SNc should be particularly vulnerable to propagated aggregates of α-Syn remains uncertain. The lack of α-Syn deposits in some PD, patients (Gaig et al., 2009; Johansen et al., 2018) has led some authors to the belief that the presence and spread of Lewy-type aggregates are not sufficient to explain the dysfunction and loss of neurons and the development of parkinsonian symptoms.

Lysosomal dysfunction impairs the ability to remove toxic aggregates, which increases the probability of α-Syn aggregation and spreading (Klein and Mazzulli, 2018). α-Syn is degraded through the lysosome in physiological conditions, so some perturbations in lysosomal functions can affect the α-Syn levels (Martinez-Vicente et al., 2008). Likewise, α-Syn aggregates might impair the autophagic-lysosomal pathway function (Xilouri et al., 2013a), establishing a reciprocal relationship. The accumulation of α-Syn reduces lysosomal degradation capacity by disrupting hydrolases trafficking, such as of glucocerebrosidase 1 (GCase1), from the endoplasmic reticulum to the lysosome (Mazzulli et al., 2011; García-Sanz et al., 2017; García-Sanz et al., 2018). Currently, mutations in the GBA1 gene are the main genetic risk factor for PD. The GBA1 gene encodes for GCase1, a lysosomal enzyme responsible for degrading the lipid glucosylceramide into ceramide and glucose (Do et al., 2019). GBA1 mutations result in reduced enzymatic activity that leads to the accumulation of glucosylceramide and of cholesterol and its esters in lysosomes, which can compromise lysosomal function and promote α-Syn aggregation, creating a bidirectional loop (Schapira, 2015). Previous studies from our laboratory have shown that fibroblasts derived from PD patients with the GBA1 mutation accumulate cholesterol in lysosomes and present multilamellar bodies (García-Sanz et al., 2017; García-Sanz et al., 2018). Also, membrane structures resembling lysosomes and autophagosomes have been found in the inner architecture of Lewy bodies (Shahmoradian et al., 2019), suggesting that the alteration of these organelles might contribute to the formation of Lewy bodies.

In addition to GBA1 mutations, numerous PD-related genetic variants have been identified in several genes involved in the autophagic-lysosomal pathway including Parkin, PINK1, DJ-1, LRRK2, ATP13A2, or VPS35 (Klein and Westenberger, 2012). Some of these genes encode lysosomal enzymes/proteins (e.g. ATP13A2), whereas others correspond to proteins that are involved in the transport to the lysosome (e.g. VPS35), mitophagy (e.g. Parkin, PINK1, and DJ-1), or other autophagic-related functions (e.g. LRRK2; Gan-Or et al., 2015). Mutations in these genes are directly related to autosomal -dominant or recessive- PD forms or may contribute to increase PD susceptibility.

Propagation and aggregation of α-Syn is an important molecular mechanism that contributes to PD progression. However, this event might require other factors to promote the pathological development of the disease. Mitochondrial dysfunction, oxidative stress, failure of the lysosomal autophagy and ubiquitin-proteasome systems, and neuroinflammation have been recognized as potential triggers of the misfolding of α-Syn, the spread of pathology, and the progression of PD. Precisely, Lewy bodies are composed by fragmented organelles including mitochondria, lipid membranes, lysosomal structures as well as other proteins involved in the degradation systems such as ubiquitin and p62/SQSTM1, suggesting a potential role of damaged and disrupted organelles in the formation of α-Syn inclusions (Shahmoradian et al., 2019). All these factors depend on the age, genetic background, and environment to which each individual is exposed. Likewise, the misfolding of α-Syn and its consequent aggregation might cause several alterations, such as mitochondrial dysfunction, endoplasmic reticulum stress, impairment of protein clearance pathways, disruption of biological membranes, and synaptic dysfunction (reviewed in Roberts and Brown, 2015). Future research should focus on determining which events lead first to the development of pathology and understand how the different mechanisms involved interact with each other.



Animal Models of PD Based on Alpha-Synuclein

Given the close relationship between α-Syn aggregation and PD pathology, a wide variety of PD animal models has been generated in recent years. This review includes a detailed analysis of models based on the inoculation of α-Syn PFFs and models based on overexpression of α-Syn by recombinant adeno-associated viral vectors (rAAV), giving special interest to the differences observed between these two models. These observations are based on results obtained by our group and which are in line with the findings of previous studies.


Injection of α-Syn Pre-Formed Fibrils or Pathological Extracts

One of the approaches that have been developed to study the propagation of α-Syn is the intracerebral or systemic administration of either α-Syn pre-formed fibrils (PFFs) or brain extracts containing Lewy bodies and α-Syn derived from PD patients or transgenic mice exhibiting α-Syn pathology. PFFs are generated in vitro from recombinant α-Syn monomers. Subsequently, the aggregation of monomers into fibrils is induced and the fibrils are sonicated to generate short fibrils which after injection, trigger the aggregation, hyperphosphorylation and ubiquitination of endogenous α-Syn (Patterson et al., 2019). Intracerebral injection of α-Syn PFFs has been extended to rodents, both mice (Luk et al., 2012a; Masuda-Suzukake et al., 2013; Karampetsou et al., 2017; Milanese et al., 2018; Okuzumi et al., 2018; Patterson et al., 2019) and rats (Paumier et al., 2015; Harms et al., 2017; Thakur et al., 2017; Duffy et al., 2018b; Durante et al., 2019) and non-human primates (Shimozawa et al., 2017; Chu et al., 2019). PFFs have been mainly injected in the striatum (Luk et al., 2012a; Paumier et al., 2015; Karampetsou et al., 2017; Shimozawa et al., 2017; Duffy et al., 2018b; Milanese et al., 2018; Okuzumi et al., 2018; Chu et al., 2019; Durante et al., 2019; Patterson et al., 2019), the substantia nigra (Masuda-Suzukake et al., 2013; Harms et al., 2017) and the cortex (Luk et al., 2012b). Similarly, the inoculation of purified brain extracts from PD patients or transgenic mice containing pathological α-Syn has been performed in rodents and non-human primates (Luk et al., 2012b; Recasens et al., 2014). Most of these models have succeeded in producing the accumulation and aggregation of phosphorylated α-Syn (pα-Syn), the progressive degeneration of dopaminergic neurons, a significant reduction in striatal dopamine levels, neuroinflammation, and the development of motor deficits (Recasens et al., 2014; Paumier et al., 2015; Karampetsou et al., 2017; Shimozawa et al., 2017; Patterson et al., 2019). It is well described that intracerebral inoculation of PFFs leads to the formation of pα-Syn-immunoreactive aggregates that are distributed both in the soma and neuronal processes. α-Syn inclusions exhibit different morphological features that resemble human Lewy bodies: from granules with cytoplasmic staining to compact and rounded structures with dark staining that fills entirely cells (Luk et al., 2012a; Paumier et al., 2015; Chu et al., 2019). Some studies have shown that these aggregates commonly colocalize with key markers of Lewy bodies, including ubiquitin and p62/proteasome 1 (Wakabayashi et al., 2013), and they are thioflavin S-positive and proteinase K-resistant, indicating that they share common properties with human Lewy bodies (Paumier et al., 2015; Chu et al., 2019). Our group has observed the presence of pα-Syn-immunoreactive structures with similar morphological characteristics at 12 weeks after intrastriatal inoculation of human wild-type αSyn PFFs in the SNCA-OVX transgenic mouse model (Janezic et al., 2013; Figure 1).




Figure 1 | α-Syn aggregation 3 months after intrastriatal α-Syn PFFs injection. (A, B). Representative photomicrographs of pα-Syn-stained sections of the motor cortex (Mrt Ctx), striatum (STR), amygdala (Amyg), and substantia nigra (SN). (C). High magnification images show the presence of pα-Syn. Scale bar: 100 µm (C, upper panel) and 50 µm (C,lower panel). PFFs, pre-formed fibrils.



Also, these models have shown that pathological α-Syn can spread from the injection site to other anatomically interconnected brain regions following a fibrillary retrograde transport (Figure 4). The fibrils are picked up by the nerve terminals of dopaminergic neurons, travelling from them to the cell body located in the substantia nigra pars compacta. At early stages after the injection of PFFs, α-Syn inclusions are visible in regions close to the injection site, but over time the inclusions can be detected in other areas, including locus coeruleus, SNc, thalamus, hypothalamus, amygdala, and neocortex, confirming that there is a time-dependent propagation of α-Syn pathology (Luk et al., 2012a; Luk et al., 2012b; Paumier et al., 2015; Duffy et al., 2018b; Patterson et al., 2019). Some studies have reported that unilateral injection of PFFs leads to the accumulation of pα-Syn in the hemisphere contralateral to the injection (Luk et al., 2012b; Polinski et al., 2018). Indeed, we also observed small and faint pα-Syn-positive fibers into the contralateral hemisphere. These fibers are mainly found into the striatum, but also into motor cortex, amygdala and substantia nigra (Figure 2). The presence of α-Syn-immunoreactive inclusions in the fibers of the corpus callosum and anterior commissure, which extend bilaterally, might explain the interhemispheric transmission of α-Syn pathology.




Figure 2 | α-Syn expression in the contralateral side to the injection of α-Syn PFFs. Representative photomicrographs of pα-Syn-stained sections of the striatum of control mice or mice injected with PFFs. Scale bar: 50 µm. PFFs, pre-formed fibrils.



Notably, the injection of α-Syn PFFs in transgenic null mice for murine Snca (i.e. α-Syn KO mice) does not lead to the formation of α-Syn inclusions or degeneration; an observation which supports that endogenous α-Syn is required for the development of the pathology (Luk et al., 2012b; Kim et al., 2019). Recasens et al. (2014) have shown that the cytoplasmic accumulation of α-Syn detected in the SNc of mice injected with Lewy body extracts at 4 months post-injection could be exclusively attributed to endogenous α-Syn, since at this time, the exogenous α-Syn could not be detected. These findings suggest that fibrils of α-Syn act as a template to convert the endogenously expressed α-Syn into pathological aggregates (Recasens et al., 2014).

Nevertheless, it is important to highlight the great variability that exists in these models because the injection site, the amount and type of PFFs injected, and the animal species/strains used might influence the development of neuropathology. Regarding the injection site, in most of the studies the α-Syn PFFs have been injected into the striatum because it is a large area with easy access. The precision required to inject PFFs is critical given that the fibrils do not spread efficiently through tissues, so adequate inoculation at the site of interest is important. Interestingly, it has been demonstrated that the injection of α-Syn PFFs into the substantia nigra of mice leads to a restriction of the pathological α-Syn expression around this brain area (Masuda-Suzukake et al., 2014) and does not induce a dopaminergic degeneration even 15 months after PFFs inoculation (Masuda-Suzukake et al., 2013). In addition, the genetic background of rodents can also influence the severity and the extent of the spreading of Lewy body-like pathology in these models. Intrastriatal injection of mouse α-Syn PFFs into different mice strains leads to differences in the severity of the α-Syn-induced pathology (Luk et al., 2012a).

Another important consideration of this model is the concentration and type of PFFs injected. Given that the in vitro generation of PFFs occurs under different conditions (i.e. pH, temperature, ionic strength), the sonicated α-Syn PFFs are heterogenous in nature and have different conformational features and biological effects (i.e. different aggregation pattern, propensity to propagate, seeding ability and/or toxicity). Rodents injected with different PFFs strains manifest different pathological severity and behavioral phenotypes, reflecting the great variability of the results, especially among different research studies (Peelaerts et al., 2015; Polinski et al., 2018; Chung et al., 2019). A recent study in which α-Syn PFFs have been injected into the mouse gastric wall shows that mice developed α-Syn-immunoreactive aggregates in the dorsal motor nucleus at 45 days post-inoculation, but no propagation of pα-Syn aggregates beyond of the dorsal motor nucleus of the vagus nerve was observed 12 months after inoculation (Uemura et al., 2018). These findings support that each α-Syn strain has a different potency for inducing the propagation. In addition, the animal species from which the α-Syn is derived seems to be critical. Although human and mouse α-Syn share 95% sequence identity, their ability to induce the formation of the inclusions seems to differ. Injection of mouse PFFs into the duodenal and pyloric muscularis layers of mice leads to the pathological accumulation of α-Syn in the SNc at 3 months post-injection, while the injection of human PFFs does not cause α-Syn accumulation in the SNc at the same time point (Kim et al., 2019). Moreover, previous studies have shown that human PFFs injection leads to slower propagation of α-Syn pathology compared to the injection of mouse PFFs (Rey et al., 2016). According to this finding, the formation of aggregates is more efficient if the PFFs and endogenous α-Syn are from the same species (Fares et al., 2016). Moreover, some studies have used modified forms of α-Syn PFFs, for example phosphorylated S129 fibrils or N- and C-terminally truncated forms. Mice injected with phosphorylated PFFs exhibited more α-Syn inclusions in the SNc than mice injected with wild type α-Syn PFFs (Karampetsou et al., 2017).

According to the Braak hypothesis, the PD pathology is initiated in two independent sites: the gastrointestinal tract and the olfactory bulb (Braak et al., 2003). To address the need to understand the mechanisms by which the pathologic α-Syn spread through the brain from these two starting sites, α-Syn PFFs have been administered through peripheral routes (i.e., intramuscularly and intravenously), and in the olfactory bulb. Recent studies demonstrate that the injection of α-Syn PFFs in the muscular layers of pylorus and duodenum produces α-Syn aggregation and a significant progressive degeneration of dopaminergic neurons. The accumulation of pα-Syn in the SN at 7 months post-injection coincides with a reduction of TH- and Nissl-positive cells in this region. In contrast, at 1 and 3 months after injection, there is no significant loss of TH- or Nissl-positive cells. Accompanying the loss of dopaminergic neurons, a reduction of tyrosine hydroxylase immunoreactivity in the striatum is observed at 7 months and, much more at 10 months after PFFs injection, coinciding with the appearance of pα-Syn aggregates in this area. Also, high-performance liquid chromatography analysis to measure dopamine concentration indicates that striatal dopamine levels are significantly reduced at 3 months post-injection (Kim et al., 2019). These mice develop motor, and non-motor PD symptoms, including psychiatric behavioral and olfactory dysfunction (Kim et al., 2019) and gastrointestinal dysfunction (Challis et al., 2020). In addition, these studies demonstrated that the vagus nerve and endogenous α-Syn are required for the gut-to-brain transmission of pathologic α-Syn because truncal vagotomy was performed prior to inoculation of PFFs (Uemura et al., 2018; Kim et al., 2019) and the PFFs injection in the Snca null mice (Kim et al., 2019) prevents the spread of pathologic α-Syn to the brain. Similarly, another recent study has shown that intrastriatal injection of α-Syn PFFs induces the Lewy body-like pathology within the enteric nervous system of wild type mice (Earls et al., 2019). Likewise, other studies have shown that nigral overexpression of rAAV-α-Syn in rats produces concomitant alterations on the enteric nervous system—accumulation of α-Syn deposits (Ulusoy et al., 2017) and a loss of enteric neurons and changes in the gut microbiome (O'Donovan et al., 2020), which reflects that α-Syn pathology in the brain may impact on the gastrointestinal system and that the gut-to-brain communication via the vagus nerve may underlie the path of pathology progression. In other studies, α-Syn PFFs have been injected into the olfactory bulb, which produces an accumulation of pα-Syn in different areas distant to the injection site, which shows that there is a spatial and multi-synaptic progression of α-Syn pathology over time. Moreover, those studies showed degeneration and olfactory dysfunction (Rey et al., 2016; Rey et al., 2018), so these models can be used to reproduce prodromal PD and test therapies designed to slow or halt the development of PD.

Given that idiopathic PD is not strictly associated with an increase in the α-Syn levels, as opposed to PD associated with duplications and triplications of the SNCA gene, an environment in which the levels of endogenous α-Syn are physiological would more faithfully recapitulate the non-genetic forms of PD (Duffy et al., 2018a). The α-Syn PFFs models, in contrast to those based on overexpression of α-Syn (viral vector-based and transgenic models), represent an approach in which the pathology is induced in a context of physiological levels of endogenous α-Syn (Chung et al., 2019). Thus, these models are especially useful for assessing the effect of pathological α-Syn injected exogenously on the aggregation of endogenous α-Syn, and neuronal function, and to evaluate the resultant parkinsonian phenotype. Moreover, PFFs models are considered as valuable tools to develop and test therapies based on preventing the formation of α-Syn inclusions and their spreading at the early stages of the disease. While common features are well reproducible among the different groups working on this model, a certain degree of variability still exists between the results. Establishing standard protocols for the preparation of PFFs can improve the reproducibility of the results obtained. Additional experiments would be helpful to understand the best conditions to achieve the most efficient and robust phenotype (e.g. concentrations of PFFs, site of injection, and comparison across animal species and strains). Another important consideration when using the α-Syn PFFs model is to established whether or not recombinant α-Syn PFFs are identical to the species of α-Syn present in the pathology of human PD patients (Polinski et al., 2018).



Overexpression of α-Syn Mediated by rAAV

Another alternative to model PD is the α-Syn overexpression by recombinant adeno-associated virus vectors (rAAV). rAAV are an efficient vehicle for gene delivery in the brain area of interest and offer some characteristics that favor their use in modeling PD. rAAV efficiently transduce various cell types, confer long-lasting transgene expression, and can transduce dividing and non-dividing cells in the absence of an immune reaction (Pignataro et al., 2018). Given that neurons are post-mitotic cells, the capacity of rAAV to transduce non-dividing cells is crucial in the context of neurodegenerative disease. rAAV are smaller particles than lentivirus, which gives them the advantage of spreading efficiently within tissues, being a good choice for tissue infection. Another advantage of their small size is that many more rAAV-viral particles can be injected in the same volume compared to lentiviral particles, resulting in a much greater functional titer per injected volume. In addition, rAAV rarely integrate into the host genome, which reduces the occurrence of mutagenesis. This is crucial since random integration of the vector into the host DNA can lead to both loss- and gain-of-function mutations that might alter cell functionality and homeostasis (Albert et al., 2017).

Overexpression of wild type α-Syn or PD-associated mutants (A53T or A30P α-Syn) utilizing rAAV leads to a progressive loss of dopaminergic neurons in the SNc, a loss of dopamine terminals in the striatum (Koprich et al., 2010; Koprich et al., 2011; Oliveras-Salvá et al., 2013; Bourdenx et al., 2015; Caudal et al., 2015; Lu et al., 2015; Ip et al., 2017), and a reduction of striatal dopamine content (Koprich et al., 2011; Ip et al., 2017). However, the extent of neurodegeneration achieved with the rAAV model is variable among the different studies. Several serotypes, promoters, α-Syn species, doses, and time-course after injection have been tested, and all these factors influence the parkinsonian phenotype achieved. rAAV-α-Syn expression leads to the accumulation of pα-Syn. Unlike models based on the administration of α-Syn PFFs, in these models, the α-Syn-immunoreactive structures are commonly nuclear with a small and punctate appearance. Some studies have demonstrated that these structures are proteinase-K resistant (Koprich et al., 2010; Taschenberger et al., 2012; Lu et al., 2015; Ip et al., 2017) or urea-resistant (Oliveras-Salvá et al., 2013), but they do not reproduce the morphological features of human Lewy bodies. Our group have found that the overexpression of E46K human α-Syn mediated by rAAV2/9 in the striatum leads to the accumulation of multiple pα-Syn-immunoreactive structures in striatal cells, most likely in medium spiny projection neurons because we observe a diffuse staining of pα-Syn in the terminals in the projection fields (the globus pallidus and substantia nigra reticulata) at 12 weeks after rAAV injection (Figure 3). According to previous studies (Koprich et al., 2010; Ip et al., 2017), the pα-Syn-immunopositive structures are small, with a rounded appearance. Although several transgenic mice lines expressing E46K α-Syn have been generated (Emmer et al., 2011; Nuber et al., 2018), it is the first time that E46K human α-Syn form is overexpressed by viral vectors in mice. In the cell body, α-Syn aggregates are located in the nucleus while in the projection fields are in the axon terminals. We find that pα-Syn expression is maintained within the striatal medium spiny neurons, travelling from the cell body to the terminals, with an anterograde transport, but we do not observe a transsynaptic transmission between neurons (Figure 4). These observations suggest that rAAV-α-Syn expression does not constitute a propagation model of α-Syn as it is observed with the PFFs model, so further investigations are needed to understand the pathological mechanism of excessive amount of α-Syn coming from external source and those that are endogenously produced.




Figure 3 | α-Syn aggregation 3 months after rAAV-E46K viral particle injection. Representative photomicrographs illustrating the expression of pα-Syn in the striatum (STR), globus pallidus (GP), and substantia nigra (SN). Scale bar: 500 µm.






Figure 4 | Scheme showing the propagation pattern of α-Syn in PFFs and AAV models. The colored areas represent the brain areas where we find pα-Syn expression after (A) α-Syn PFFs inoculation or (B) AAV-α-Syn administration. Created with: BioRender.com



In the rAAV-α-Syn model, the presence of pα-Syn inclusions in the nigrostriatal system is concomitant with a significant loss of nigral dopaminergic neurons and the reduction in tyrosine hydroxylase immunoreactivity in the striatum. Overexpression of wild type or A53T human α-Syn induces a progressive loss of dopaminergic neurons in the SN over time (Oliveras-Salvá et al., 2013). At 5 days post-injection, no degeneration was observed. The dopaminergic cell loss in the SN increased from 57% at 4 weeks after injection to 82% at 8 weeks for wild type α-Syn; and from 51% at 4 weeks after injection to 59% at 8 weeks for A53T α-Syn. Similar to the observation for the SN, immunohistochemical staining for TH in the striatum revealed a gradual reduction of TH expression over time (Oliveras-Salvá et al., 2013). The maximum of pα-Syn-positive cells in the SN is reached at 4 weeks post-injection when neurodegeneration begins to be evident (Oliveras-Salvá et al., 2013). However, in absence of pα-Syn aggregates, i.e. when animals are injected with empty viral particles (Koprich et al., 2010; Ip et al., 2017) or in the contralateral injection side (Oliveras-Salvá et al., 2013), neurodegeneration is not observed.

Some studies show that rAAV-α-Syn expression causes the development of motor alterations, such as an increased apomorphine or amphetamine-induced rotation, defects in the stepping test or increased forepaw asymmetry in the cylinder test (Kirik et al., 2002; Decressac et al., 2011; Koprich et al., 2011; Decressac et al., 2012; Gaugler et al., 2012; Gombash et al., 2013; Oliveras-Salvá et al., 2013; Bourdenx et al., 2015; Caudal et al., 2015; Ip et al., 2017). These motor deficits appear several weeks after injection in animals with a significant loss of dopaminergic neurons.

In the rAAV-α-Syn models, the transgene expression is dependent on the serotype, the promoter, the injection site, and the titer of rAAV. The serotype rAAV2 is the most extensively used to date, probably because its production and purification methods are well-established (Van der Perren et al., 2014). However, there are some limitations associated with the rAAV2 serotype. First, rAAV2 efficiently transduces neurons but requires high doses; second, rAAV2 can induce a weak immune response in human hepatocytes (Mingozzi and High, 2013). A novel generation of viral particles has recently been produced; these particles show higher efficiency and no immunity associated with the rAAV2 capsid. Indeed, rAAV2/1, rAAV2/5, rAAV2/6, rAAV2/7, and rAAV2/8 exhibit a higher transduction efficiency than the rAAV2 in the nigrostriatal pathway (Taymans et al., 2007; McFarland et al., 2009b; Ulusoy et al., 2012; Oliveras-Salvá et al., 2013).

The efficiency of transgene expression is also determined by the design of the vector construct, and the promoter used to control the transgene expression. The most common promoters used are hybrid cytomegalovirus (CMV), chicken β-actin (CBA), phosphoglycerate kinase (PGK), and human synapsin I (Syn-1). These promoters provide high levels of transgene expression. In addition, some studies use post-transcriptional regulatory elements to improve the transgene expression, such as woodchuck hepatitis virus posttranscriptional regulatory element or polyadenylation sequence (McFarland et al., 2009a; Koprich et al., 2010; Koprich et al., 2011; Gaugler et al., 2012; Gombash et al., 2013; Oliveras-Salvá et al., 2013; Lu et al., 2015).

Determination of viral titer after its production and purification is a critical factor in defining the transduction efficiency. In contrast to α-Syn PFFs models, the levels of α-Syn achieved after transduction with rAAV-α-Syn typically exceed those found in idiopathic PD or even in PD associated with SNCA multiplications (Duffy et al., 2018a), despite that the phenotype severity depends on the viral dose injected (Oliveras-Salvá et al., 2013). However, although high levels of α-Syn lead to  a more robust phenotype, this does not adequately reflect what happens in parkinsonian patients. Additional studies are required to determine the optimal conditions (serotype, promoter, and viral titer) to improve  the ability of this model to recapitulate the human PD. However, although the modification of these factors may help to potentiate the PD phenotype, considering other factors, such as the expression of endogenous α-Syn or the nature of injected α-Syn, are necessary to reproduce the complexity of human disease in rodents.

Several parameters, including the species, the strain, and the age of animals used, influence the development of pathology. Although most studies have used rats (Kirik et al., 2002; Koprich et al., 2010; Decressac et al., 2011; Koprich et al., 2011; Gaugler et al., 2012; Gombash et al., 2013; Caudal et al., 2015; Rocha et al., 2015; Thakur et al., 2017; O'Donovan et al., 2020), the model has also been adapted to mice. This opens a wide range of possibilities due to the greater availability of knockout and transgenic mice, which could be used to assess whether certain genes protect or enhance neurodegeneration. Viral α-Syn overexpression in L444P GBA1 mice produces a greater loss of dopaminergic neurons in GBA1 than wild type mice, suggesting that GBA1 mutations enhance the vulnerability of dopaminergic neurons induced by α-Syn (Migdalska-Richards et al., 2017). In PINK1 knock out mice, overexpression of α-Syn in the substantia nigra resulted in enhanced dopaminergic degeneration as well as high levels of phosphorylated α-Syn, suggesting that the loss of PINK1 leads to an increased sensitivity to α-Syn-induced neuropathology (Oliveras-Salvá et al., 2014). The injection of rAAV-mediating human α-Syn overexpression in knock out mice for synapsin III (Syn III) shows that silencing of Syn III could prevent the α-Syn aggregation (Faustini et al., 2018). Moreover, the genetic background of animals is important in response to α-Syn overexpression. Human α-Syn overexpression produced a larger decrease of dopaminergic neurons in C57BL/6 than in other strains. Likewise, different rat strains (Sprague-Dawley and Wistar) displayed different susceptibility to hα-Syn overexpression (Bourdenx et al., 2015). A recent study shows that deficiency of CX3CR1 receptor in mice (Cx3cr1-/-) exacerbates the neurodegeneration and neuroinflammation induced by overexpression of A53T human α-Syn, reflecting the importance of genetic background (Castro-Sánchez et al., 2018). The age of the animals also affects the vulnerability of dopaminergic neurons to α-Syn. Overexpression of human α-Syn into old rats produced a more robust loss of dopaminergic neurons than into young rats (Salganik et al., 2015). Also, α-Syn levels increase with age in monkeys and humans (Chu and Kordower, 2007), so the parkinsonian phenotype might be aggravated in aged mice.

In general, the rAAV-α-Syn are directly injected into the SNc to transduce dopaminergic neurons of the nigrostriatal system. Taking into consideration the special characteristics of dopaminergic neurons of the substantia nigra, that are particularly vulnerable to stress (Bolam and Pissadaki, 2012), it is important to include appropriate controls to specifically determine the neuronal damage and dysfunction caused by α-Syn overexpression. It is also crucial to analyze whether the control proteins (e.g., GFP) or empty vectors are toxic to the dopaminergic neurons (Albert et al., 2017). Although the immune response produced by rAAV in the brain is minimal, the extent of the defense response after rAAV injection must be evaluated. Some studies have demonstrated that the injection of rAAV carrying GFP results in a significant loss of dopaminergic neurons (Klein et al., 2006; Koprich et al., 2011; Landeck et al., 2017). These findings demonstrate the need to use proper controls to ensure the α-Syn specificity on the degeneration of dopaminergic neurons.

One important consideration of these models is that the α-Syn pathology is exclusively restricted to neurons transduced by rAAV to express α-Syn. There is no evidence of the transmission of the pathology to other non-transduced neurons despite the expression of endogenous α-Syn. Another significant drawback is that individual stereotaxic injection of rAAV might cause a wide variety in the expression pattern of α-Syn between animals, which makes it difficult to obtain robust and reproducible results. Morever, the injections into the SNc are technically difficult, especially in the mouse brain due to its small size, so high precision in the stereotaxic procedure is required to minimize the inter-animal variability (Volpicelli-Daley et al., 2016).

Overexpression of α-Syn mediated by rAAV represents a valuable tool to induce progressive degeneration of dopaminergic neurons, accompanied by the development of α-Syn inclusions in these neurons. Although the progression of pathological changes observed in rAAV-α-Syn models is faster than in PD patients, the time-course of these changes is sufficient to observe the different stages defined in PD patients (pre-symptomatic, early symptomatic, and advantage stage), which facilitates the identification of new therapeutic targets (Decressac et al., 2012). These models are especially useful to study how α-Syn accumulation and aggregation contributes to neuronal degeneration and its consequences, such as motor or cognitive impairment. The use of these models has also been extended to develop and evaluate potential therapies aimed at reducing the aggregation of α-Syn and prevent against neurodegeneration induced by α-Syn (Decressac et al., 2013; Xilouri et al., 2013b; Rocha et al., 2015).




Concluding Remarks

More than two decades ago, α-Syn was identified as the main component of Lewy bodies. Since then, this protein has become established as a possible diagnostic biomarker in PD and therapeutic target. Also, numerous animal models have used this protein in attempts to reproduce PD. Each animal model offers specific aspects of the pathology of human PD, although none of them reproduce all the defining pathological and clinical features of the disease. The lack of comparable phenotypes between rodents overexpressing α-Syn or rodents injected with toxic α-Syn species reflects the difficulty of reproducing PD in animal models. Therefore, a thorough knowledge of the key features of these models is essential to choose the model that best suits the scientific questions that we want to solve. Here, we show that α-Syn PFFs models are suitable for studying the prion-like behavior of α-Syn and its propagation through the brain. While viral α-Syn overexpression models are especially useful to determine the mechanisms of α-Syn-induced toxicity but do not allow the study of their prion-like behavior. Despite these differences, both models are valuable tools for identifying novel therapeutic targets and the design and evaluation of potential therapies aimed at reducing the aggregation of α-Syn to alter disease progression.
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Criterion A: A quantitative reduction of goal-directed activity either in behavioral, cognitive, emotional, or social dimensions in comparison to the patient’s previous level
of functioning in these areas. These changes may be reported by the patient themselves or by observation of others.
Criterion B: The presence of at least 2 of the 3 following dimensions for a period of at least 4 weeks and present most of the time.
B1. BEHAVIOR AND COGNITION

Loss of, or diminished, goal-directed behavior or cognitive activity as evidenced by at least one of the following:
— reduced level of activity either at home or work, makes less effort or needs to be prompted to perform activities;

— less persistence in maintaining an activity or conversation, finding solutions to problems or alternative ways;

— less interest in or reaction to news, or less interest in doing new things;

— less interest in their own health and well-being or personal image;

B2. EMOTION

Loss of, or diminished, emotion as evidenced by at least one of the following:

— less spontaneous (self-generated) emotions regarding their own affairs;

— less emotional reaction in response to positive or negative events in the environment,

— less concern about the impact of their actions or feelings on the people around him/her;

—less empathy to the emotions or feelings of others;

— less verbal or physical reactions that reveal his/her emotional states;

B3. SOCIAL INTERACTION

Loss of, or diminished engagement in social interaction as evidenced by at least one of the following:

— less initiative in spontaneously proposing social or leisure activities to family or others;

— less participation in social or leisure activities suggested by people around them;

— less interest in family members;

— less likely to initiate a conversation, or early withdrawal from it;

— less interest in getting out to meet people;

Criterion C: These symptoms (A-B) cause clinically significant impairment in personal, social, occupational, or other important areas of functioning.

Criterion D: The symptoms (A-B) are not exclusively explained or due to physical disabilities (e.g., blindness and loss of hearing), to motor disabilities, to a diminished
level of consciousness, to the direct physiological effects of a substance (e.g., drug of abuse, medication), or to major changes in the patient’s environment.
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